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RESILIENT RENDERING FOR
AUGMENTED-REALITY DEVICES

TECHNICAL FIELD

[0001] This application 1s a continuation of U.S. patent
application Ser. No. 17/572,439, filed on Jan. 10, 2022,
entitled “Resilient Rendering For Augmented-Reality
Devices,” which 1s hereby incorporated by reference 1n 1ts
entirety.

[0002] This disclosure generally relates to augmented-
reality (AR) environments, and, more particularly, to ren-
dering graphics for AR environments.

BACKGROUND

[0003] An augmented-reality (AR) system may generally
include a real-world environment that includes AR content
overlaying one or more features of the real-world environ-
ment. In typical AR systems, image data corresponding to
virtual objects may be rendered on, for example, a head-
mounted display (HMD) that may be coupled through a
physical wired or wireless connection to a base graphics
generation device, or rendering device, responsible for gen-
erating the image data. In some instances, lightweight AR
glasses and/or other lightweight wearable electronic devices
may include reduced processing power, low resolution cam-
eras, and/or relatively simple tracking optics, which present
problems associated with providing high quality AR content
and transmitting 1image data in poor wireless network con-
ditions Thus, 1t may be useful to provide techniques to
improve latency-resilient rendering of surfaces for AR sys-
tems 1n poor wireless network conditions.

SUMMARY OF PARTICULAR EMBODIMENTS

[0004] The mvention of this disclosure i1s directed to
addressing problems associated with providing high-quality
AR content in poor wireless conditions consisting of high
latency, low bandwidth, or other constraints. AR technology
has long been challenged by the problem of latency in
rendering virtual objects on an AR device. If there are poor
wireless conditions connecting the rendering device and the
AR device, image data transmitted to the AR device may be
lost when multiple frames or packets are dropped during
transmission of the image data. Packet loss may result 1n a
tailure to display complete 1mages, or only display partial
images on the AR device. Additionally, latency may result in
a lag between what the user of the AR device intends to
focus on, and what 1s displayed on the AR device. Lag and
partially rendered virtual objects are especially pronounced
when the geometry of the surface 1s complex or when a
plurality of virtual objects need to be displayed. For
example, to create an 1immersive environment, users may
need to be able to move their heads around when viewing an
environment to focus on different virtual objects or scenes
within the environment. As such, an AR device must be able
to quickly modily scenes and virtual objects corresponding
with the user’s head movement. Latency between the user’s
head movement and rendering of the environment on the AR
device may cause the user to experience uncomiortable
sensory dissonance. Re-rendering an environment in its
entirety to account for the changes in user perspective 1s
resource-1ntensive and may only be possible to accomplish
at a low frame frate (e.g., 60 Hz, or once every Yso” of a
second). Generally, to prevent the user from experiencing
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lag, objects 1n the environment should be rendered at a rapid
pace (e.g., at least 200 Hz, or once every Y200” of a second).
One solution involves working with “surfaces™ that repre-
sent virtual objects within the AR environment. The surfaces
correspond to one or more virtual objects that are expected
to move, translate, skew, scale, distort, or otherwise change
in appearance together, as one unit. The computing system
of a rendering device may determine properties of these
surfaces and dynamically adjust a plurality of parameters 1n
accordance with the current wireless network quality. The
present embodiments are directed toward various resilient
rendering techniques that may be utilized by a rendering
device for rendering one or more surfaces to a user of an AR
device.

[0005] The present embodiments aim to provide a latency-
resilient AR experience by utilizing a split computing archi-
tecture, wherein the graphics processing unit (GPU) of a
rendering device may receive a request to display image
data, evaluate wireless network conditions, and adjust a
plurality of parameters before transmitting the image data to
the AR device for display. By decoupling the frame rate
between the rendering device and the HMD, the rendering
device has flexibility to adjust how 1image data correspond-
ing to virtual objects are to be transmitted to the HMD for
display.

[0006] For example, 1n particular embodiments, the ren-
dering device may receive a request to render a plurality of
surfaces corresponding to a plurality of virtual objects to be
concurrently displayed on an augmented-reality (AR) head-
set. In particular embodiments, the AR headset may be
connected to the rendering device via a wireless link. In
particular embodiments, 1n response to a determination that
a network quality of the wireless link 1s below a threshold
condition, the rendering device may determine that a subset
of the plurality of surfaces are higher priority than other
subsets. For example, the rendering device may select a first
subset of the plurality of surfaces that are higher priority
than a second subset of the plurality of surfaces, transmit the
first subset of the plurality of surfaces to the AR headset for
display, and then transmit the second subset of the plurality
of surfaces to the AR headset for display. It 1s understood
that the second subset of the plurality of surfaces are
transmitted after the first subset of the plurality of surfaces
The computing system of the rendering device may deter-
mine properties of these surfaces, such as the resolution of
the surfaces and/or the dimensionality of the surfaces (two
dimensional (2-D) or three-dimensional (3D)). In particular
embodiments, based on the properties of the plurality of
surfaces, the rendering device may divide the plurality of
surfaces mto subsets, and based on the properties of each
subset, apply one or more resilient rendering techniques, and
further prioritize one or more first subsets over one or more
second subsets for transmission to the AR device.

[0007] In particular embodiments, one resilient rendering
technique may be to adjust the 1mage quality, or resolution,
of one or more individual surfaces. The rendering device
may determine that the quality and resolution of the one or
more surfaces needs to be reduced based on a determination
of poor network conditions. In particular embodiments, the
rendering device may need to perform the actions of reset-
ting the streaming of 1mage data from the rendering device
to the AR device, reallocate memory of the rendering device,
and reduce the data rate of transmission from the rendering
device to the AR device.
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[0008] In particular embodiments, one resilient rendering
technique may be to prioritize surfaces. In one embodiment,
the rendering device may determine that 3D surfaces are
higher priority than 2D surfaces, and as a result, transmit the
3D surfaces in a first subset of surfaces to the AR headset,
with 2D surfaces being transmitted 1n a subsequent subset.
Further, the rendering device may translate 3D surfaces into
2D surfaces 1n response to the wireless conditions. In
particular embodiments, one or more surfaces that need to be
updated first may be given higher priority. In particular
embodiments, surfaces intended to be world-locked may be
determined to be a higher priority for transmission than

head-locked surtaces.

[0009] In particular embodiments, one resilient rendering
technique may be rate control. In response to a determina-
tion of the current wireless condition, the rendering device
may perform rate control, wherein the rendering transmits
the surface data at a reduced bit rate, thereby reducing the
data rate.

[0010] In particular embodiments, one resilient rendering
technique may be multiple interval surface transier. In
response to a determination of the wireless condition, the
rendering device may transfer a single surface, or a plurality
of single surfaces in multiple intervals. To do this, the
rendering device may adapt the frames per second to the
available wireless bandwidth given current levels of wireless
channel utilization and transmit a single surface over mul-
tiple wireless intervals. In particular embodiments, surfaces
within the same subset may be distributed into multiple
system 1ntervals to reduce the occurrence of consecutive
frame drop, which impacts user experience.

[0011] In particular embodiments, one resilient rendering
technique may be content aware wireless scheduling and
fencing. In particular embodiments, the rendering device
may rotate the scheduling of one or more surfaces within the
same subset to avoid the frame rates of one surface being
consistently dropped. Further, in particular embodiments,

the rendering device may perform deficit-based dynam1c
thermal fencing, in which the active duty cycle time may be
adjusted so that either both left and right eye surfaces may
be concurrently transmitted or neither will be transmatted. I
the rendering device determines that dropping, for example,
four frames will cause judder, the rendering device may
determine and execute a temporary solution, wherein one or
two out of the four frames with extended transmission times
will be transmitted to the AR device, while skipping the
remaining two or three frames.

[0012] In particular embodiments, one resilient rendering
technique may be to reduce content in response to a deter-
mination of the wireless network condition by the rendering,
device. Similarly, in response to a determination of the
wireless network condition by the rendering device, the
rendering device may reduce the field of view (FoV),
wherein a reduced number of pixels may be transmitted to
the AR device for display. In particular embodiment, one
resilient rendering technique may be to reduce content
frames per second (FPS). For example, and not by way of
limitation, a surface with 45 FPS may be reduced to 30 FPS
with a system interval change (or 22.5 without a system
interval change). In particular embodiments, the technique
of reducing content FPS may improve the perceivability of
world-locked surfaces in an environment with judder.

[0013] In particular embodiments, one resilient rendering
technique may be dimensionality adjustment. For example,
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in response to a determination of the wireless network
condition by the rendering device, the rendering device may
compress 3D surfaces mto 2D surfaces, which may display
the same surfaces, but with about 10 the compression size
as compared to the original 3D surface. In particular
embodiments, one resilient rendering technique may be to
divide a surface into multiple surfaces. In response to a
determination of the wireless network condition, the render-
ing device may determine to divide a surface with multiple
wireless packets into multiple surfaces. Further, in particular
embodiments, one resilient rendering technique may be to
transmit one or more surfaces into encoding friendly mate-
rial. In response to a determination of the wireless network
condition, the rendering device may transmit one or more of
the plurality of surfaces with, for example, more use of solid
color, a gradient color schema, and/or low resolution texture.

[0014] Thus, in accordance with the foregoing embodi-
ments, the present techniques may provide various rendering
techniques that may be utilized by a rendering device for
prioritizing and transmitting a plurality or subset of surfaces
to an AR headset for display when the network quality of a
wireless link 1s below threshold conditions. In this way, the
device pipeline may be optimized to operate at the highest
quality by managing the rendering workload and reducing
the occurrences ol consecutive frame rate drop.

[0015] The embodiments disclosed herein are only
examples, and the scope of this disclosure 1s not limited to
them. Particular embodiments may include all, some, or
none ol the components, elements, features, functions,
operations, or steps ol the embodiments disclosed herein.
Embodiments according to the invention are in particular
disclosed 1n the attached claims directed to a method, a
storage medium, a system and a computer program product,
wherein any feature mentioned 1n one claim category, e.g.
method, can be claimed in another claim category, e.g.
system, as well. The dependencies or references back 1n the
attached claims are chosen for formal reasons only. However
any subject matter resulting from a deliberate reference back
to any previous claims (1n particular multiple dependencies)
can be claimed as well, so that any combination of claims
and the features thereof are disclosed and can be claimed
regardless of the dependencies chosen in the attached
claims. The subject-matter which can be claimed comprises
not only the combinations of features as set out in the
attached claims but also any other combination of features 1n
the claims, wherein each feature mentioned 1n the claims can
be combined with any other feature or combination of other
features 1n the claims. Furthermore, any of the embodiments
and features described or depicted herein can be claimed 1n
a separate claim and/or 1n any combination with any
embodiment or feature described or depicted herein or with
any of the features of the attached claims.

BRIEF DESCRIPTION OF THE

DRAWINGS

[0016] FIG. 1 illustrates an example augmented-reality
(AR) system.
[0017] FIG. 2 illustrates a detailed embodiment of an

augmented-reality (AR) system with an available network
connection.

[0018] FIG. 3 illustrates a diagram of a method for pro-
viding rendering techniques.

[0019]
pipeline.

FIG. 4 illustrates a diagram of an example graphics
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[0020] FIG. 51llustrates an example method of prioritizing
and transmitting surfaces.

[0021] FIG. 6 illustrates an example network environment
associated with a social-networking system.

[0022] FIG. 7 illustrates an example computer system.

DESCRIPTION OF EXAMPLE EMBODIMENTS

[0023] An augmented-reality (AR) system may generally
include a real-world environment that includes AR content
overlaying one or more features of the real-world environ-
ment. In typical AR systems, image data corresponding to
virtual objects may be rendered on, for example, a head-
mounted display (HMD) that may be coupled through a
physical wired or wireless connection to a base graphics
generation device responsible for generating the 1mage data.
In mnstances 1n which the HMD includes for example,
lightweight AR glasses and/or other wearable electronic
devices as opposed to more robust headset devices, the AR
glasses or other lightweight wearable electronic devices
may, in comparison, include reduced processing power. As
such, the present embodiments are directed towards an AR
system with split computing architecture and various
latency-resilient workload management techniques.

[0024] AR technology has long been challenged by the
problem of latency in rendering virtual objects on AR
devices. Embodiments of the mvention may include split
computing architecture, in which a rendering device may be
communicatively coupled to a HMD wvia a shared wireless
network. For example, and not by way of limitation, a user
may be wearing a HMD on their head, and store the
rendering device 1n various locations, such as, for example,
the user’s front pant pocket, back pants pocket, or backpack.
If there are poor wireless conditions connecting the render-
ing device and the AR device, surfaces transmitted to the AR
device may be lost when multiple frames or packets are
dropped during transmission of the surfaces. Packet loss
may result in judder, a failure to display complete images, or
only display partial images on the AR device. Additionally,
latency may result in a lag between what the user of the AR
device intends to focus on and what 1s displayed on the AR
device. Lag and partially rendered surfaces may be espe-
cially pronounced when the geometry of the surface is
complex or when a plurality of surfaces need to be concur-
rently displayed. Further, to create an immersive environ-
ment, users may need to be able to move their heads around
when viewing an environment to focus on different virtual
objects or scenes within the environment. As such, an AR
device must be able to quickly modily scenes and virtual
objects corresponding with the user’s head movement.
Latency between the user’s head movement and rendering of
the environment on the AR device may cause the user to
experience uncomiortable sensory dissonance. Re-rendering
an environment 1n 1ts entirety to account for the changes 1n
user perspective 1s resource-intensive and may only be
possible to accomplish at a low frame frate (e.g., 60 Hz, or
once every Y0” of a second). Generally, to prevent the user
from experiencing lag, objects 1n the environment should be
rendered at a rapid pace (e.g., at least 200 Hz, or once every
h00™ of a second).

[0025] One solution involves working with “surfaces” that
represent virtual objects within the AR environment. The
surfaces correspond to one or more virtual objects that are
expected to move, translate, skew, scale, distort, or other-
wise change 1n appearance together, as one unit. The com-
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puting system of a rendering device may determine proper-
ties of these surfaces and dynamically adjust a plurality of
parameters in accordance with the current wireless network
quality. In particular embodiments, there may be three types
of surfaces: 1mage surfaces, label surfaces, and mask sur-
faces. Image surfaces may be used to render shaded images,
for example, video frames, static images, or scenes rendered
by a GPU. As an example, and not by way of limitation, a
static 1mage (e.g., a virtual, customized billboard that
changes based on the user viewing it) may be represented by
an 1mage surface. As another example and not by way of
limitation, each frame of a dynamic video (e.g., an AR
television that 1s “attached” to a physical object and warped
appropriately) may be represented by an image surface. As
another example and not by way of limitation, referencing,
several avatars (e.g., a realistic avatar positioned in the
scene) may be represented by an image surface. As another
example and not by way of limitation, the dynamic object
(e.g., a dynamic 3D model of a building) shown to multiple
viewers concurrently to facilitate collaboration may be rep-
resented by an image surface. In particular embodiments, an
image surface may store RGB (red-green-blue) components
for one or more of its texels. In particular embodiments, an
image surface may store RGBA (red-green-blue-alpha)
components for one or more of 1ts texels. The alpha com-
ponent may be a value that specifies a level of transparency
that 1s to be accorded to a texel. As an example and not by
way ol limitation, an alpha value of O may indicate that a
texel 1s fully transparent, an alpha value of 1 may indicate
that a texel 1s opaque, and alpha values 1n between may
indicate a transparency level that 1s 1n between (the exact
transparency level being determined by the value). An 1image
surface may support any suitable image format. As an
example and not by way of limitation, image surfaces may
support both 16-bit and 32-bit pixel formats, with 4-bit to
10-bit RGB component sizes. In particular embodiments,
cach 1mage format may have at least one bit for storing an
alpha value (e.g., to allow for transparent regions).

[0026] In particular embodiments, label surfaces may
store signed distances and color indexes and may be used to
render objects that include solid color regions, for example,
text, glyphs, and icons. As an example, and not by way of
limitation, an AR book may include text that may be
represented by one or more label surfaces. In particular
embodiments, surfaces may be fixed to an object (e.g., a
static or moving object) in the scene, may be fixed 1n space,
or may be fixed relative to the user’s head (e.g., such that 1t
1s not fixed to any particular object 1n the scene, but rather
moves along with the user’s head. As another example and
not by way of limitation, a periodic table showcasing the
clements 1n a combination of text and multi-colors may be
represented by one or more label surfaces. In this example,
the periodic table may be displayed relative to the user’s
head (e.g., such that 1t 1s not fixed to any particular object in
the scene, but rather moves along with the user’s head). As
another example and not by way of limitation, lines of
different colors and associated text related to different bus
routes for navigation purposes may be represented by one or
more label surfaces, which may be fixed 1n space or with
respect to objects. As another example and not by way of
limitation, text including augmented information about a bus
(e.g., capacity, arrival time, information about the next bus
stop) may be represented by one or more label surfaces,
which may be fixed with respect to an object. The label
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surface may be of any suitable format. As an example and
not by way of limitation, label surfaces may store 8 bits per
texel including, for example, a 6-bit distance field value and
a 2-bit index. As another example and not by way of
limitation, dual label surfaces may store 16 bits per label
texel (e.g., a first 6-bit distance field and a first 2-bit index,
and a second 6-bit distance field and a second 2-bit index)
to allow for specilying two signed distance functions. In
particular embodiments, the indexes 1n these examples may
be used to look up an RGBA color to use, depending on the
high-order bit of the interpolated distance.

[0027] In particular embodiments, mask surfaces may
store an alpha value (e.g., a value of 1) that may be used to
occlude surfaces that are behind it. As an example and not
by way of limitation, a mask surface may occlude a portion
of the surface representing the AR object as the (real-world)
hand of a user passes 1n front an AR object being displayed
by the AR device. As such, the present embodiments are
directed toward various resilient rendering techmques that
may be utilized by a rendering device for rendering one or
more 1mage suriaces, label surfaces, mask surfaces, or other
surfaces to a user.

[0028] The present embodiments aim to provide a latency-
resilient AR experience by utilizing a split computing archi-
tecture, wherein the GPU of a rendering device may receive
a request to display image data, evaluate wireless network
conditions, and adjust a plurality of parameters before
transmitting the image data to the AR device for display. By
decoupling the frame rate between the rendering device and
the HMD, the rendering device has flexibility to adjust how
image data corresponding to virtual objects are to be trans-
mitted to the HMD for display. The rendering device may
include one or more processors, memory devices, cameras,
sensors, battery, user mput and user output functionalities.

[0029] For example, 1n particular embodiments, the ren-
dering device may receive a request to render a plurality of
surfaces corresponding to a plurality of virtual objects to be
concurrently displayed on an augmented-reality (AR) head-
set. In particular embodiments, the AR headset may be

connected to the rendering device via various wireless
communications networks (e.g., WLAN, WAN, PAN, cel-

lular, WMN, WiMAX, GAN, 6LowPAN, and so forth). In
particular embodiments, 1n response to a determination that
a network quality of the wireless link 1s below a threshold
condition, the rendering device may determine that a subset
of the plurality of surfaces are higher priorty than other
subsets. For example, the rendering device may select a first
subset of the plurality of surfaces that are higher priority
than a second subset of the plurality of surface, transmait the
first subset of the plurality of surfaces to the AR headset for
display, and then transmit the second subset of the plurality
of surfaces to the AR headset for display after transmitting
the first subset. The computing system of the rendering
device may determine properties of these surfaces, such as
the resolution of the surfaces and/or the dimensionality of
the surfaces (two dimensional (2-D) or three-dimensional
(3D)). In particular embodiments, based on the properties of
the plurality of surfaces, the rendering device may divide the
plurality of surfaces into subsets, and based on the properties
ol each subset, apply one or more resilient rendering tech-
niques, and further prioritize one or more first subsets over
one or more second subsets for transmission to the AR
device.
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[0030] In particular embodiments, one resilient rendering
technique may be to adjust the 1image quality, or resolution,
of one or more individual surfaces. The rendering device
may determine that the quality and resolution of the one or
more surfaces needs to be reduced based on a determination
of poor network conditions. In particular embodiments, the
rendering device may need to perform the actions of reset-
ting the streaming of 1mage data from the rendering device
to the AR device, reallocate memory of the rendering device,

and reduce the data rate of transmission from the rendering
device to the AR device.

[0031] In particular embodiments, one resilient rendering
technique may be to prioritize surfaces. In one embodiment,
the rendering device may determine that 3D surfaces are
higher priority than 2D surfaces, and as a result, transmit the
3D surfaces 1n a first subset of surfaces to the AR headset,
with 2D surfaces being transmitted 1n a subsequent subset.
In particular embodiments, one or more surfaces that need to
be updated first may be given higher priority. In particular
embodiments, surfaces intended to be world-locked may be
determined to be a higher priority for transmission than

head-locked surtaces.

[0032] In particular embodiments, one resilient rendering
technique may be rate control. In response to a determina-
tion of the current wireless condition, the rendering device
may perform rate control, wherein the rendering device
transmits the surface data at a reduced bit rate, thereby
reducing the data rate.

[0033] In particular embodiments, one resilient rendering
technique may be multiple interval surface transfer. In
response to a determination of the wireless condition, the
rendering device may transier a single surface, or a plurality
of single surfaces 1 multiple intervals. To do this, the
rendering device may adapt the frames per second to the
available wireless bandwidth given current levels of wireless
channel utilization and transmit a single surface over mul-
tiple wireless intervals. In particular embodiments, surfaces
within the same subset may be distributed into multiple
system 1ntervals to reduce the occurrence of consecutive
frame drop, which impacts user experience.

[0034] In particular embodiments, one resilient rendering
technique may be content aware wireless scheduling and
fencing. In particular embodiments, the rendering device
may rotate the scheduling of one or more surfaces within the
same subset to avoid the frame rates of one surface being
consistently dropped. Further, in particular embodiments,

the rendering device may perform deficit-based dynamic
thermal fencing, 1n which the active duty cycle time may be
adjusted so that either both left and right eye surfaces may
be concurrently transmitted or neither will be transmitted. It
the rendering device determines that dropping, for example,
four frames will cause judder, the rendering device may
determine and execute a temporary solution, wherein one or
two out of the four frames with extended transmission times
will be transmitted to the AR device, while skipping the
remaining two or three frames.

[0035] In particular embodiments, one resilient rendering
technique may be to reduce content in response to a deter-
mination of the wireless network condition by the rendering
device. Similarly, 1n response to a determination of the
wireless network condition by the rendering device, the
rendering device may reduce the field of view (FoV),
wherein a reduced number of pixels may be transmitted to
the AR device for display. In particular embodiment, one
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resilient rendering technique may be to reduce content
frames per second (FPS). For example, and not by way of
limitation, a surface with 45 FPS may be reduced to 30 FPS
with a system interval change (or 22.5 without a system
interval change). In particular embodiments, the technique
of reducing content FPS may improve the perceivability of
world-locked surfaces in an environment with judder.

[0036] In particular embodiments, one resilient rendering
technique may be dimensionality adjustment. For example,
in response to a determination of the wireless network
condition by the rendering device, the rendering device may
compress 3D surfaces mto 2D surfaces, which may display
the same surfaces, but with about “10™” the compression size
as compared to the original 3D surface. In particular
embodiments, one resilient rendering technique may be to
divide a surface into multiple surfaces. In response to a
determination of the wireless network condition, the render-
ing device may determine to divide a surface with multiple
wireless packets mto multiple surfaces. Further, in particular
embodiments, one resilient rendering technique may be to
transmit one or more surfaces mto encoding friendly mate-
rial. In response to a determination of the wireless network
condition, the rendering device may transmit one or more of
the plurality of surfaces with, for example, more use of solid
color, a gradient color schema, and/or low resolution texture.

[0037] Accordingly, the present embodiments are directed
toward various rendering techniques that may be utilized by
an AR system for reducing or mitigating packet loss and/or
packet error rate. In particular embodiments, the processing,
tasks associated with rendering surfaces and generating and
modifying surfaces may be executed on a rendering device.
The modified or adjusted surfaces may then be transmitted
to the AR glasses for display. Each surface may be a
representation of one or more objects. As an example, and
not by way of limitation, an avatar of a person and a hat worn
the avatar may correspond to one surface 1f 1t 1s determined
that the person and the hat would move, translate, distort, or
otherwise change appearance as one umt. In particular
embodiment, a surface may be a rectangular “texture which
may be a virtual concept that includes visual information
(e.g., colors, transparency) defining one or more objects 1n
a scene. The surface may also include a transformation
matrix to specily 1ts location 1n the scene. A surface’s texture
data may be made up of one or more subparts, referred to
herein as “texels.” These texels may be blocks (e.g., rect-
angular blocks) that come together to create a texel array that
makes up a surface. As an example and not by way of
limitation, they may be contiguous blocks that make up a
surface. For illustrative purposes, a texel of a surface may be
conceptualized as being analogous to a pixel of an image. As
an example, and not by way of limitation, a CPU or GPU of
the rendering device may generate the surfaces.

[0038] In particular embodiments, the computing system
ol the rendering device may determine whether to reduce or
adjust a rendering workload associated with rendering the
surfaces to satisty the restraints of poor network conditions.
For example, in particular embodiments, the computing
system of the rendering device may prioritize and adjust
surtaces in accordance with a determination of the wireless
network conditions. The computing system of the rendering,
device may alter one or more parameters such as an altered
frame rate, altered resolution, altered dimensionality (from
3D to 2D), altered bit depth, color channels, altered pose
update threshold, altered depth continuity, altered content
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range, altered depth density, altered near-field depth, altered
tar-field depth, altered brightness, altered contrast, or altered
tone.

[0039] In particular embodiments, a computing system of
a rendering device may receive a request to render a plurality
ol surfaces to be concurrently displayed on an AR headset.
The rendering device may include one or more processors.
In particular embodiments, 1 response to the rendering
device’s determination that the network quality of the wire-
less link 1s below a threshold condition, the rendering device
may select a first subset of the plurality of surfaces that are
higher priority than a second subset of the plurality of
surfaces. The rendering device may transmit the first subset
of the plurality of surfaces to the AR headset for display and
transmit the second subset of the plurality of surfaces to the
AR headset for display after transmitting the first subset. As
another example and not by way of limitation, an onboard
computing system of a HMD may generate one or more
surfaces after 1t receives the mnitial scene from a separate
computing system (e.g., from a CPU or GPU of a wearable,
handheld, or laptop device). In particular embodiments,
there may be a predefined maximum number of surfaces that
may be generated for a view (e.g., 16 surfaces) for efliciency

pUrposes.
[0040] Thus, 1n accordance with the foregoing embodi-
ments, the present techniques may provide various resilient
rendering techniques that may be utilized by an AR system.
For example, the present techniques may be provided to
prioritize and alter various parameters of surfaces 1 accor-
dance with wireless network quality.

[0041] FIG. 1 illustrates an example augmented-reality
(AR) system 100 that may be suitable for displaying one or
more surfaces, in accordance with presently disclosed
embodiments. In particular embodiments, the AR system
100 may include an AR device 102, a network 104, and a
computing platform 106. In particular embodiments, a user
may wear the AR device 102 that may display visual
extended reality content to the user. The AR device 102 may
include an audio device that may provide audio extended
reality content to the user. In particular embodiments, the
AR device 102 may include one or more cameras which may
capture 1images and videos of environments. The AR device
102 may include an eye tracking system to determine the
vergence distance of the user. In particular embodiments, the
AR device 102 may include a lightweight head-mounted
display (HMD) (e.g., goggles, eyeglasses, spectacles, a
visor, and so forth). In particular embodiments, the AR
device 102 may also include a non-HMD device, such as a
lightweight handheld display device or one or more laser
projecting spectacles (e.g., spectacles that may project a
low-powered laser onto a user’s retina to project and display
image or depth content to the user). In particular embodi-
ments, the network 104 may include, for example, any of
various wireless communications networks (e.g., WLAN,
WAN, PAN, cellular, WMN, WiMAX, GAN, 6LowPAN,
and so forth) that may be suitable for communicatively
coupling the AR device 102 to the computing platiorm 106.

[0042] Inparticular embodiments, the computing platiorm
106 may include, for example, a standalone host computing
system, an on-board computer system integrated with the
AR device 102, a mobile device, a rendering device, a stage,
or any other hardware platform that may be capable of
providing extended reality content to the AR device 102. In
particular embodiments, the computing platform 106 may
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include, for example, a cloud-based computing architecture
(including one or more servers 108 and data stores 110)
suitable for hosting and servicing AR applications or expe-
riences executing on the AR device 102. For example, in
particular embodiments, the computing platform 106 may
include a Platform as a Service (PaaS) architecture, a
Software as a Service (SaaS) architecture, and an Infrastruc-
ture as a Service (IaaS), or other similar cloud-based com-
puting architecture. As it may be appreciated, 1n particular
embodiments 1n which the AR device 102 includes light-
weight devices, such as goggles, eyeglasses, spectacles, a
visor, and so forth, the AR device 102 may, due to the
smaller architectural area, include reduced power manage-
ment (e.g., batteries, battery size) electronics. Thus, as will
be turther appreciated with respect to FIGS. 2, 3, 4, and 5,
it may be useful to provide various techniques that may be
utilized by a device for rendering content 1n poor wireless
conditions.

[0043] FIG. 2 1illustrates a detailled embodiment of an

augmented-reality (AR) system 200 for providing various
resilient rendering techniques that may be utilized by a
rendering device for rendering surfaces 1n varying wireless
conditions, 1 accordance with presently disclosed embodi-
ments. As depicted, the rendering device 220 may include a
head pose tracking functional block 202, a rendering engine
204, a 3D re-projection warping functional block 206, a
resource manager 208, a content manager 210, and appli-
cations 212. In particular embodiments, the rendering device
220 may generate surfaces corresponding to a sequence of
image frames (e.g., (R)ed, (B)lue, (G)reen 1mage data) via
the rendering engine 204. In particular embodiments, the
rendering device 220 may also access one or more depth
maps corresponding to the surfaces. In particular embodi-
ments, as further depicted, the rendering device 220 may
also maintain and keep track of pose information (e.g., head
pose data, object pose data) of one or more surfaces calcu-
lated by the head pose functional block 202 and pose data
received from the AR device 102.

[0044] In particular embodiments, the rendering device
220 may host and service applications 212, which may
include, for example, AR experiences executing on the AR
device 102. For example, 1in particular embodiments, the
applications 212 may 1nclude, for example, AR applications,
such as video gaming applications (e.g., single-player
games, multi-player games, first-person point of view (POV)
games ), mapping applications, music playback applications,
video-sharing platiform applications, video-streaming appli-
cations, e-commerce applications, social media applications,
user interface (UI) applications, or other AR applications
users 102 may experience. In particular embodiments, as
turther depicted by FIG. 2, the applications 212 or other AR
content may be analyzed and managed by way of the content
manager 210. For example, 1n particular embodiments, the
content manager 210 may include, for example, any system
(e.g., soltware system, frameworks, compositors, or other
forms of middleware/runtime systems that manage scenes
displayed by the AR device 102) that may be utilized to
analyze and manage 3D content associated with the appli-
cations 212 to be rendered and displayed by the AR device
102. Similarly, the resource manager 208 may include, for
example, any system (e.g., soltware system) that keeps track
of the available hardware and/or software components for
hosting and servicing the applications 212 or other AR
content.
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[0045] In particular embodiments, as further depicted by
FIG. 2, the rendering device 220 may transform images into
surfaces corresponding to the applications 212 or other AR
content utilizing the rendering engine 204. In particular
embodiments, the rendering engine 204 may then output the
rendered surfaces to the 3D re-projection warping functional
block 206, which may be utilized to compensate for network
104 latency for the viewpoint change in that the rendered
frames are provided over the network 104 to the AR device
102. In particular embodiments, as further depicted, the
rendered and warped frames may be then passed from the
3D re-projection warping functional block 206 over the
network 104 to a latest IMU functional block 242 of the A
device 102. In particular embodiments, the latest IMU
functional block 242 may be utilized to associate the ren-
dered surfaces with the latest user head pose data and object
pose data (e.g., real-time or near real-time head pose data
and/or object pose data), for example, and re-project and
display the surfaces 246 on the one or more displays of the
AR device 102 to be interacted with by a user of the AR
device 102.

[0046] In particular embodiments, as previously discussed
above with respect to FIG. 1, 1n mstances 1n which the AR
device 102 includes, for example, lightweight AR glasses
and/or other wearable electronic devices as opposed to more
robust headset devices, the AR device 102 may, 1n compari-
son, include reduced processing power, low-resolution cam-
cras, and/or relatively simple tracking optics. Additionally,
due to poor wireless conditions, the AR device 102 may
experience packet loss and consecutive frame drops. Thus,
without the presently disclosed embodiments of providing
resilient rendering techniques for reducing occurrences of
consecutive frame drop 1n poor wireless conditions, the AR
device 102 would otherwise be precluded from maximum
performance 1n rendering surfaces, which impacts the user
experience. For example, in certain embodiments, the AR
device 102 may have to take actions to stay within limita-
tions of network 104 transmission restraints. For example,
the rendering device 220 may have to reduce the resolution
of the surface, prioritize surfaces, transmit surfaces at lower
bit rates, transmit the surfaces in multiple intervals, reduce
the number of surfaces, reduce the FoV, reduce FPS, and so
on.

[0047] For example, as further depicted by FIG. 2, 1n
particular embodiments, the AR device 102 may include a
centralized content and resource manager 232 (e.g., content
and scene manager) that may be utilized to perform various
resilient rendering techniques for mitigating frame drops. It
should be appreciated that while the centralized content and
resource manager 232 1s displayed as being implemented on
the AR device 102, in some embodiments, the centralized
content and resource manager 232 can either reside on the
rendering device 220 or the AR device 102, or be split and
shared between the rendering device 220 and the AR device
102. For example, 1n some embodiments, the centralized
content and resource manager 232 can be implemented 1n a
soltware module as part of framework or be distributed
between software and firmware modules. In some embodi-
ments, the present rendering workload management tech-
niques may be performed by the centralized content and
resource manager 232 of the AR device 102 and post-
rendering with respect to the rendering device 220 (e.g.,
alter frames are generated and rendered by the rendering
engine 234 of the rendering device 220 and provided to the
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AR device 102). In other embodiments, the present render-
ing workload management techniques may be performed by
the centralized content and resource manager 232 while a
rendering and displaying of one or more surfaces 1s already
in-progress (e.g., 1 real-time or near real-time). Still, 1n
other embodiments, the present resilient rendering tech-
niques may be orchestrated solely by the centralized content
and resource manager 232 of the AR device 102 and
performed by the rendering engine 234 of the AR device 102
or by the rendering engine 204 of the rendering device 220.

[0048] In particular embodiments, the centralized content
and resource manager 232 may monitor the condition of the
network 104 (e.g., network 104 latency, network 104 quality,
network 104 bandwidth, network 104 data throughput, and
so forth) with respect to the determined rendering workload
associated with rendering the one or more surfaces. For
example, 1n some embodiments, the one or more surfaces
may include AR content that may be latency sensitive (e.g.,
world-locked AR content may be constantly updated as the
user’ s head pose changes). In accordance with the presently
disclosed embodiments, the centralized content and resource
manager 232 may thus analyze the AR content of the one or
more surfaces, and, based on the condition of the network
104 and the determined rendering workload associated with
rendering the one or more surfaces, dynamically switch
between rendering the one or more surfaces utilizing the
rendering engine 234 and associated one or more first GPUs
of the AR device 102 and rendering the one or more surfaces
utilizing the rendering engine 204 and associated one or
more second GPUs of the rendering device 220.

[0049] For example, 1in particular embodiments, the con-
tent manager 210 and/or resource manager 208 of the
rendering device 220 may provide, to the centralized content
and resource manager 232, a request for surfaces associated
with one or more applications 212 to be rendered and
displayed by the AR device 102, and the centralized content
and resource manager 232 may then determine the manner
in which to render and display the requested surfaces. The
centralized content and resource manager 232 may then
carry out the rendering and displaying of the requested
surfaces by instructing and utilizing the rendering engine
204 and 3D re-projection warp functional block 206. In one
example embodiment, the centralized content and resource
manager 232 may include, for example, any system (e.g.,
software system) that may be utilized to analyze, process,
and manage surfaces of AR content to be rendered and
displayed by the AR device 102. In another example
embodiment, the centralized content and resource manager
232 may include, for example, any system (e.g., software
system) that maintains and keeps track of the available
hardware resources and/or soitware resources (e.g., power
budgets, thermal budgets, camera data 238, sensor data 240,
processing capacity, memory capacity, power consumption,
processing time, network 104 bandwidth, network 104
latency, network 104 data throughput, network 104 quality,
and so forth) to be utilized for rendering and displaying
surfaces of AR content on the AR device 102.

[0050] In particular embodiments, 1n accordance with the
presently disclosed techniques, the centralized content and
resource manager 232 may receive a request to render one
or more surfaces from the rendering device 220. For
example, 1n particular embodiments, the centralized content
and resource manager 232 may receive a request to render
one or more surfaces corresponding to applications 212 or
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other AR content. In particular embodiments, the centralized
content and resource manager 232 may determine associated
image characteristic with respect to each object of the
content of the one or more surfaces. For example, 1n
particular embodiments, the centralized content and
resource manager 232 may determine with respect to each
object of the content of the one or more surfaces, a foveal
region (e.g., based on camera data 238, the centralized
content and resource manager 232 may determine and
distinguish objects and content that are to be viewable 1n a
foveal region of the user as opposed objects and content that
may appear along the periphery of the user’s view), an
object dimension (e.g., the centralized content and resource
manager 232 may determine and distinguish 3D objects and
content from 2D objects and content), a viewing distance
(e.g., distance away from the viewer), user interaction (e.g.,
a game may involve the user interacting with only certain
objects while avoiding other objects), and so forth.

[0051] In particular embodiments, the centralized content
and resource manager 232 may then determine whether to
reduce a rendering workload associated with rendering the
one or more surfaces to satisty one or more network 104
constraints associated with the AR device 102.

[0052] In particular embodiments, the rendering engine
204 of the rendering device 220 may, in response to a
determination to prioritize or alter the rendering workload,
generate a set of rending parameters for rendering the one or
more surfaces 1n response to a determination of network 104
quality. Rendering parameters may consist of one or more
rendering techniques, as previously discussed. For example,
and not by way of limitation, the rendering device 220 may
generate a plurality of sets of rendering modes consisting of
one or more rendering parameters. Rendering modes may be
generated based on, for example, rendering parameters with
a high user experience impact (e.g., reducing the amount of
surfaces displayed to the user), rendering parameters with
medium/high user experience impact (e.g., prioritizing sur-
faces that need to be updated first), rendering parameters
with medium/low user experience impact (e.g., transmitting
a single surface over multiple wireless intervals), and ren-
dering parameters with low user experience impact (e.g.,
color characteristics, gradient color schema, etc.). In par-
ticular embodiments, rendering modes may be generated
based on rendering parameters with varying degrees of
bandwidth reduction. In particular embodiments, rendering
modes may be generated based the impact of the power
supply to the AR device 102 and/or the location of where
cach rendering parameter may execute (e.g., GPU or wire-
less).

[0053] In particular embodiments, the rendering engine
204 of the rendering device 220 may execute instructions to,
based on the properties of the plurality of surfaces and the
network 104 conditions, divide the plurality of surfaces into
subsets, and based on the properties of each subset, apply
one or more resilient rendering techniques and/or rendering
modes, and further prioritize one or more first subsets over
one or more second subsets for transmission to the AR

device 102.

[0054] In particular embodiments, the rendering engine
204 of the rendering device 220 may execute instructions to,
based on the properties of the plurality of surfaces and the
network 104 conditions, adjust the 1image quality, or reso-
lution, of one or more individual surfaces. The rendering
device 220 may determine that the quality and resolution of
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the one or more surfaces needs to be reduced based on a
determination of poor network 104 conditions. In particular
embodiments, the rendering device 220 may need to per-
form the actions of resetting the streaming of 1mage data
from the rendering device to the AR device 102, reallocate
memory of the rendering device, and reduce the data rate of

transmission from the rendering device to the AR device
102.

[0055] In particular embodiments, the rendering engine
204 of the rendering device 220 may execute instructions to,
based on the properties of the plurality of surfaces and the
network 104 conditions, determine that 3D surfaces are
higher priority than 2D surfaces, and as a result, transmit the
3D surfaces in a first subset of surfaces to the AR headset,
with 2D surfaces being transmitted 1n a subsequent subset.
Further, the rendering device 220 may translate 3D surfaces
into 2D surfaces 1n response to the wireless conditions. In
particular embodiments, one or more surfaces that need to be
updated first may be given higher priority. In particular
embodiments, surfaces intended to be world-locked may be
determined to be a higher priority for transmission than

head-locked surtaces.

[0056] In particular embodiments, the rendering engine
204 of the rendering device 220 may execute instructions to,
based on the properties of the plurality of surfaces and the
network 104 conditions, perform rate control, wherein the
rendering transmits the surface data at a reduced bit rate,
thereby reducing the data rate.

[0057] In particular embodiments, the rendering engine
204 of the rendering device 220 may execute instructions to,
based on the properties of the plurality of surfaces and the
network 104 conditions, perform multiple interval surface
transfer. In particular embodiments, the rendering device
220 may transier a single surface, or a plurality of single
surfaces 1n multiple intervals. To do this, the rendering
device 220 may adapt the frames per second to the available
wireless bandwidth given current levels of wireless channel
utilization and transmit a single surface over multiple wire-
less intervals. In particular embodiments, surfaces within the
same subset may be distributed into multiple system inter-
vals to reduce the occurrence of consecutive frame drop,
which impacts user experience.

[0058] In particular embodiments, the rendering engine
204 of the rendering device 220 may execute instructions to,
based on the properties of the plurality of surfaces and the
network 104 conditions, perform content aware wireless
scheduling and fencing. In particular embodiments, the
rendering device 220 may rotate the scheduling of one or
more surfaces within the same subset to avoid the frame
rates of one surface being consistently dropped. Further, in
particular embodiments, the rendering device 220 may per-
form deficit-based dynamic thermal fencing, in which the
active duty cycle time may be adjusted so that either both
left and nght eye surfaces may be concurrently transmitted
or neither will be transmitted. IT the rendering device 220
determines that dropping, for example, four frames will
cause judder, the rendering device may determine and
execute a temporary solution, wherein one or two out of the
four frames with extended transmission times will be trans-
mitted to the AR device 102, while skipping the remaining,
two or three frames.

[0059] In particular embodiments, the rendering engine
204 of the rendering device 220 may execute instructions to,
based on the properties of the plurality of surfaces and the
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network 104 conditions, reduce content. Reducing content
may include transmitting, from the rendering device 220,
less surfaces, or, less objects within a surface for display at
the AR device 102. Similarly, in response to a determination
of the network 104 condition by the rendering device 220,
the rendering engine 204 of the rendering device 220 may
execute 1nstructions to reduce the field of view (FoV),
wherein a reduced number of pixels may be transmitted to
the AR device 102 for display. In particular embodiment, the
rendering engine 204 of the rendering device 220 may
execute 1nstructions to, based on the properties of the
plurality of surfaces and the network 104 conditions, reduce
content frames per second (FPS). For example, and not by
way ol limitation, a surface with 45 FPS may be reduced to
30 FPS with a system 1interval change (or 22.5 without a
system 1nterval change). In particular embodiments, the
technique of reducing content FPS may improve the per-
celvability of world-locked surfaces in an environment with
judder.

[0060] In particular embodiments, the rendering engine
204 of the rendering device 220 may execute instructions to,
based on the properties of the plurality of surfaces and the
network 104 conditions, perform dimensionality adjustment.
For example, 1n response to a determination of the network
104 condition by the rendering device, the rendering device
may compress 3D surfaces into 2D surfaces, which may
display the same surfaces, but with about ¥i0” the compres-
sion size as compared to the original 3D surface.

[0061] In particular embodiments, the rendering engine
204 of the rendering device 220 may execute instructions to,
based on the properties of the plurality of surfaces and the
network 104 conditions, divide a surface into multiple
surfaces. The rendering engine 204 of the rendering device
220 may determine to divide a surface with multiple wire-
less packets into multiple surfaces. Further, in particular
embodiments, the rendering engine 204 of the rendering
device 220 may execute instructions to, based on the prop-
erties of the plurality of surfaces and the network 104
conditions, transmit one or more surfaces into encoding
friendly material. The rendering device 220 may transmit
one or more of the plurality of surfaces with, for example,
more use of solid color, a gradient color schema, and/or
low-resolution texture for display at the AR device 102.

[0062] In particular embodiments, at least one rendering
parameter in the set of rendering parameters may be deter-
mined based on the characteristic (e.g., focal surface, 2D vs.
3D object dimensions, resolution, and so forth) associated
with each individual surface to be rendered and displayed.
For example, 1n particular embodiments, the centralized
content and resource manager 232 may generate the set of
rendering parameters by generating one or more of an
altered frame rate (e.g., as expressed 1n frames per second
(FPS)), an altered resolution, and altered 2D vs. 3D object
dimensions.

[0063] In particular embodiments, the centralized content
and resource manager 232 may then cause the one or more
surfaces to be rendered by the rendering engine 234 1n
accordance with the set of rending parameters so as to satisiy
the network 104 constraints. It should be appreciated that
same would apply i1f the content was rendered on the
rendering device 220, managers 206 and 208 may set
rendering parameters and the rendering engine 234 may
render accordingly. In particular embodiments, the render-
ing engine 234 may then output the rendered surfaces to the
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3D re-projection warping functional block 236. The ren-
dered surfaces may be then passed from the 3D re-projection
warping functional block 236 to the latest IMU functional
block 242 to associate the rendered surfaces with the latest
user head pose data and object pose data, and re-project and
display the surfaces 246 on the one or more displays of the

AR device 102.

[0064] In particular embodiments, 1n accordance with the
mentioned resilient rendering techniques, the centralized
content and resource manager 232 may further receive a
request to render one or more surfaces that may correspond,
for example, to applications 212. In particular embodiments,
the centralized content and resource manager 232 may then
determine performance capacity at which an application 212
can execute within the current wireless constraints. In other
embodiments, the centralized content and resource manager
232 may generate a prediction of workload requirements and
select one or more parameters that will not violate the
current wireless limits for the duration of the workload. In
this embodiment, the centralized content and resource man-
ager 232 ensures that the system 1s able to maximize
performance while providing a user with stable level of
performance and quality. The centralized content and
resource manager 232 may generate this prediction when a
user starts an application 212. In some embodiments, the
prediction of workload requirements can be based on prior
application history or other (user/app/system) contextual
information.

[0065] In particular embodiments, the centralized content
and resource manager 232 may then generate a prediction of
a duration for rendering the one or more surfaces based on
a current rendering workload of the AR device 102 and
current wireless conditions. For example, in one embodi-
ment, the centralized content and resource manager 232 may
generate the prediction of a duration for rendering the one or
more surfaces based on one or more parameters or mstruc-
tions that may be associated with the particular applications
212. In another embodiment, the centralized content and
resource manager 232 may utilize one or more machine-
learning algorithms to learn or determine heuristically over
time the duration 1n which one or more surfaces associated
with particular applications 212 may be rendered with as
best as possible quality of service (“QoS”) 1mn view of the
current wireless network capacity. In another embodiment,
the centralized content and resource manager 232 may
generate the prediction of the duration for rendering the one
or more surfaces based on a user context or an amount of
user interaction that may be associated with a particular
application (e.g., single-player gaming application, multi-
player gaming application).

[0066] In particular embodiments, the centralized content
and resource manager 232 may then select one of a plurality
of predetermined rendering parameters based on the predic-
tion of the duration for rendering the one or more surfaces.
For example, 1in particular embodiments, the plurality of
rendering parameters may include a high-performance ren-
dering mode, a medium performance rendering mode, and a
low performance rendering mode. For example, 1n some
embodiments, the centralized content and resource manager
232 may map the predicted rendering workload to the
determined wireless network conditions to render the one or
more surfaces with as best as possible quality of service
(QoS) and 1 view of the current wireless network con-
straints. In particular embodiments, the centralized content
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and resource manager 232 may then cause the rendering
engine 234 of the AR device 102 or rendering engine 204 of
the rendering device 220 to render the surface 1n accordance
with the selected one of the plurality of predetermined
rendering modes so as to satisly the one or more wireless
network restraints. For example, one or more 2D surfaces
corresponding to, for example, an application with a shorter
predicted duration (e.g., runtime of only a few minutes) may
be rendered 1n accordance with the high-performance ren-
dering mode. In contrast, one or more 3D surfaces corre-
sponding to, for example, a gaming application (e.g., which
may also include considerable user interaction) with a longer
predicted duration (e.g., runtime of 30 minutes or more or a
runtime of 1 hour or more) may be rendered in accordance
with the low performance rendering mode. For example, in
good wireless conditions, the rendering device 102 may
execute instructions to render all 3D surfaces 1n high reso-
lution, but 1n poor wireless conditions, the rendering device

102 may execute instructions to render less surfaces and
render those surfaces 1n 2D, with low resolution.

[0067] In particular embodiments, 1n accordance with the
foregoing rendering techniques, the centralized content and
resource manager 232 may further receive a request to
render one or more surfaces that may correspond, for
example, to applications 212. In particular embodiments, as
previously noted above the AR device 102 may receive
requests or other data from the rendering device 220 over a
network 104. In particular embodiments, the AR device 102
may include one or more first processors (€.g., one or more
first graphic processing units (GPUs)) for driving the ren-
dering engine 234, and, similarly, the rendering device 220
may include one or more second processors (e.g., one or
more second GPUs) for driving the rendering engine 204.
For example, in particular embodiments, the AR device 102
and the rendering device 220 may be suitable for supporting,
for example, distributed graphics pipeline (e.g., the one or
more first GPUs of the AR device 102 and the one or more
second GPUs of the rendering device 220 transferring data
over the network 104). Thus, in one example embodiment,
one or more surfaces may be rendered eirther utilizing the
rendering engine 234 and associated first one or more GPUs
of the AR device 102 or utilizing the rendering engine 204
and associated second one or more GPUs of the rendering

device 220.

[0068] In particular embodiments, the first one or more
GPUs of the AR device 102 may include less processing
power or support a subset of rendering features/capabilities
as compared to the second one or more GPUs of the
rendering device 220. In particular embodiments, the cen-
tralized content and resource manager 232 may determine a
rendering workload associated with rendering the one or
more surfaces to satisty one or more network 104 constraints
associated with the AR device 102 and a target QoS with
respect to the network 104 communicatively coupling the
rendering device 220 and the AR device 102. In particular
embodiments, the centralized content and resource manager
232 may then dynamically switch between rendering the one
or more surfaces utilizing the rendering engine 234 and
associated one or more first GPUs of the AR device 102 and
rendering the one or more surfaces utilizing the rendering
engine 204 and associated one or more second GPUs of the
rendering device 220 based on the one or more power,
processing, or thermal constraints and the target QoS.



US 2024/0205294 Al

[0069] Thus, 1n accordance with the foregoing embodi-
ments, the present techniques may provide various rendering,
techniques that may be utilized by a device for dynamically
rendering surfaces in varying network 104 conditions. For
example, the present techniques may be provided to alter
parameters of the rendering workload of the device and to
determine when, and the manner in which, to alter param-
cters of the rendering workload of the device 1n accordance
with predetermined network 104 constraints.

[0070] FIG. 3 illustrates a detailled embodiment of an
augmented-reality (AR) system 300 for providing various
resilient rendering techniques that may be utilized by a
rendering device for rendering surfaces i a variety of
network 104 conditions. As depicted, AR system 300 may
consist of a cloud system 310, rendering device 220, AR
device 102, and wearable device 360. In particular embodi-
ments, the cloud architecture 310 may include computing
components 312, cloud-based service components 314, and
cloud-based storage 316. In particular embodiments, the
cloud computing components 312 may generate frames
corresponding to a plurality of surfaces and access one or
more depth maps corresponding to the frames of each of the
plurality of surfaces. In particular embodiments, the cloud
computing components 312 may also maintain and keep
track of pose information (e.g., head pose data, object pose
data) of one or more objects within the frames calculated by
the head pose tracking functional block 202 and pose data
received from the AR device 102. Cloud-based service
components 314 may host and service applications 212,
which may include, for example, AR experiences executing
on the AR device 102. For example, 1n particular embodi-
ments, applications 212 within the cloud-based service
component 314 may include AR applications such as video
gaming applications (e.g., single-player games, multi-player
games, first-person point of view (POV) games), mapping
applications, music playback applications, video-sharing
platform applications, video-streaming applications, e-com-
merce applications, social media applications, user interface
(UI) applications, or other AR applications users may expe-
rience. In particular embodiments, cloud-based storage 316
may contain instructions from an internal register, internal
cache, or memory. Cloud-based storage 316 may include
mass storage for data or instructions. Cloud-based storage
316 may reside 1n a cloud, which may include one or more
cloud components 1n one or more networks 104.

[0071] Cloud system 310 may transmit data to rendering
device 220 via a cellular telephone network (such as, for
example, a Global System for Mobile Communications
(GSM) network or network 104, such as a WI-FI network.
As depicted, other user devices 318 may transmit data to
rendering device 220 via a Bluetooth WPAN. Other user
devices 318 may include, and are not limited to a HMD
connected to a host computer system, a standalone HMD, a
mobile device or computing system, or any other hardware
platform capable of providing augmented-reality content.

[0072] In particular embodiments, rendering device 220
may 1nclude a computing device 322, memory 324, com-
munication component 326, one or more camera(s) 328, one
or more sensor(s) 330, a user iput/output module 332, and
one or more batteries 334. Computing device 322 may
receive or request data over a network 104 or cellular
network from cloud system 310. In particular embodiments,
computing device 322 may receive or request data over a
network 104 from AR device 102. In particular embodi-
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ments, computing device 322 may receirve or request data
over a BLUETOOTH WPAN from wearable device 360. In
particular embodiments, the computing device 322 of ren-
dering device 220 may include one or more first processors
(e.g., one or more first graphics processing units (GPUs)) for
driving the rendering engine 204 of rendering device 220, as
displayed in FIG. 2. Similarly, the computing device 322
may include one or more second processors (€.g., one or
more second GPUs) for driving rendering engine 234 of the
AR device 102, as displayed in FIG. 2. In particular embodi-
ments, the computing device 322 of rendering device 220
and the computing device 342 of the AR device 102 may be
suitable for supporting a distributed graphics pipeline,
wherein the one or more GPUs of computing device 322 and
the one or more GPUs of computing device 342 may transier
data over the network 104.

[0073] In particular embodiments, computing device 322
may generate surfaces corresponding to a sequence of 1image
frames. In particular embodiments, the computing device
322 may also access one or more depth maps corresponding
to the surfaces. In particular embodiments, as further
depicted, the computing device 322 may maintain and keep
track of pose information pose mformation (e.g., head pose
data, object pose data) of one or more objects within the
frames calculated by the head pose tracking functional block
202 and pose data received from the AR device 102.
Computing device 322 may host and service applications
212, which may include, for example, AR experiences
executing on the AR device 102.

[0074] The one or more processors of computing device
322 and computing device 342 may include hardware for
executing structions, such as those making up a computer
program. As an example, and not by way of limitation, to
execute 1structions, one or more processors of computing
device 322 and computing device 342 may retrieve or fetch
the instructions from an internal register, internal cache,
memory 324, or storage. In particular embodiments, com-
puting device 322 may perform the functions of the head
pose tracking functional block 202, rendering engine 204,
3D re-projection warping functional block 206, resource
manager 208, content manager 210, and applications 212. In
particular embodiments, the computing device 322 of ren-
dering device 220 may generate surfaces corresponding to a
sequence ol 1mage frames via rendering engine 204. In
particular embodiments, computing device 322 of rendering
device 220 may access one or more depth maps correspond-
ing to the surfaces. In particular embodiments, computing
device 322 may also maintain and keep track of pose
information (e.g., head pose data, object pose data) of one or
more surfaces calculated by the head pose functional block

202 and pose data received from computing device 342 of
AR device 102.

[0075] In particular embodiments, the computing device
322 may host and service applications 212, which may
include, for example, AR experiences executing on the AR
device 102. For example, in particular embodiments, the
applications 212 may include, for example, AR applications,
such as video gaming applications (e.g., single-player
games, multi-player games, first-person point of view (POV)
games ), mapping applications, music playback applications,
video-sharing platiform applications, video-streaming appli-
cations, e-commerce applications, social media applications,
user interface (UI) applications, or other AR applications
users 102 may experience. In particular embodiments, appli-
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cations 212 or other AR content may be analyzed and
managed by way of the content manager 210 executing on
computing device 322. For example, 1n particular embodi-
ments, the content manager 210 may include, for example,
any system (e.g., software system, frameworks, composi-
tors, or other forms of middleware/runtime systems that
manage scenes displayed by the AR device 102) that may be
utilized to analyze and manage 3D content associated with
the applications 212 to be rendered and displayed by the AR
device 102. Similarly, the resource manager 208 may
include, for example, any system (e.g., soltware system) that
keeps track of the available hardware and/or software com-
ponents for hosting and servicing the applications 212 or
other AR content.

[0076] In particular embodiments, computing device 322
of rendering device 220 may render surfaces corresponding
to the applications 212 or other AR content utilizing the
rendering engine 204. In particular embodiments, the ren-
dering engine 204 may then output the rendered surfaces to
the 3D re-projection warping functional block 206, which
may be utilized to compensate for network 104 latency for
the viewpoint change 1n that the rendered frames are pro-
vided over the network 104 to computing device 342 of AR
device 102. In particular embodiments, as further depicted,
the rendered and warped frames may be then passed from
the 3D re-projection warping functional block 206 over the
network 104 to a latest IMU functional block 242 of
computing device 342 of the AR device 102. In particular
embodiments, the latest IMU functional block 242 may be
utilized to associate the rendered surfaces with the latest user
head pose data and object pose data (e.g., real-time or near
real-time head pose data and/or object pose data), for
example, and re-project and display the surfaces 246 on the

one or more displays of the AR device 102 to be interacted
with by a user of the AR device 102.

[0077] Inparticular embodiments, as previously discussed
above, computing device 322 of rendering device 220 may
have to reduce the resolution of one or more surfaces,
prioritize surfaces, transmit surfaces at lower bit rates,
transmit the surfaces 1n multiple intervals, reduce the num-
ber of surfaces, reduce the FoV, reduce FPS, and so on.

[0078] In particular embodiments, the computing device
342 of AR device 102 may include a centralized content and
resource manager 232 (e.g., content and scene manager) that
may be utilized to perform various resilient rendering tech-
niques for mitigating frame drops. It should be appreciated
that while the centralized content and resource manager 232
1s displayed as being implemented on the AR device 102, 1n
some embodiments, the centralized content and resource
manager 232 can either reside on the rendering device 220
or the AR device 102, or be split and shared between the
rendering device 220 and the AR device 102. For example,
in some embodiments, the centralized content and resource
manager 232 can be implemented 1n a software module as
part of framework or be distributed between software and
firmware modules. In some embodiments, the present resil-
ient rendering techniques may be performed by the central-
1zed content and resource manager 232 of the AR device 102
and post-rendering with respect to the rendering device 220
(c.g., alter surfaces are generated and rendered by the
rendering engine 204 of the rendering device 220 and
provided to the AR device 102). In other embodiments, the
present resilient rendering techniques may be performed by
the centralized content and resource manager 232 while a
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rendering and displaying of one or more surfaces 1s already
in-progress (€.g., 1 real-time or near real-time). Still, 1n
other embodiments, the present resilient rendering tech-
niques may be orchestrated solely by the centralized content
and resource manager 232 of the AR device 102 and
performed by the rendering engine 234 of the AR device 102
or by the rendering engine 204 of the rendering device 220.

[0079] In particular embodiments, computing device 322
may monitor the condition of the network 104 (e.g., network
104 latency, network 104 quality, network 104 bandwidth,
network 104 data throughput, and so forth) with respect to
the determined rendering workload associated with render-
ing one or more surfaces. For example, 1n some embodi-
ments, the one or more surfaces may include AR content that
may be latency sensitive (e.g., world-locked AR content
may be constantly updated as the user’s head pose changes).
In accordance with the presently disclosed embodiments,
computing device 322 may thus analyze the AR content of
the one or more surfaces, and, based on the condition of the
network 104 and the determined rendering workload asso-
ciated with rendering the one or more surfaces, render the
one or more surtaces utilizing the rendering engine 204 and
associated one or more first GPUs of the computing device

322.

[0080] For example, 1n particular embodiments, the com-
puting device 322 of rendering device 220 may provide, to
the centralized content and resource manager 232, a request
for surfaces associated with one or more applications 212 to
be rendered and displayed by the AR device 102, and
computing device 322 may then determine the manner in
which to render and display the requested surfaces. The
computing device 322 may then carry out the rendering and
displaying of the requested surfaces by instructing and
utilizing the rendering engine 204 and 3D re-projection warp
functional block 206. In one example embodiment, comput-
ing device 322 may include, for example, any system (e.g.,
soltware system) that may be utilized to analyze, process,
and manage surfaces of AR content to be rendered and
displayed by the AR device 102. In another example
embodiment, computing device 322 may include, for
example, any system (e.g., software system) that maintains
and keeps track of the available hardware resources and/or
soltware resources (e.g., power budgets, thermal budgets,
camera data 238, sensor data 240, processing capacitor,
memory capacity, power consumption, processing time,
network 104 bandwidth, network 104 latency, network 104
data throughput, network 104 quality, and so forth) to be
utilized for rendering and displaying surfaces of AR content
on the AR device 102.

[0081] In particular embodiments, 1n accordance with the
presently disclosed techniques, computing device 322 may
receive a request to render one or more surfaces from cloud
computing component 312 of cloud system 310, computing
device 342 of AR device 102, and/or computing device 362
ol wearable device 360.

[0082] In particular embodiments, computing device 322
may determine associated image characteristics with respect
to each object of the content of the one or more surfaces. For
example, 1n particular embodiments, computing device 322
may determine with respect to each object of the content of
the one or more surfaces, a foveal region (e.g., based on
camera data 238 and/or camera data 348), an object dimen-
s1on (e.g., computing device 322 may determine and distin-
guish 3D objects and content from 2D objects and content),
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a viewing distance (e.g., distance away from the viewer),
user 1nteraction (e.g., a game may involve the user iteract-

ing with only certain objects while avoiding other objects),
and so forth.

[0083] In particular embodiments, computing device 322
may then determine whether to reduce a rendering workload
associated with rendering the one or more surfaces to satisty
one or more network 104 constraints. It 1s understood that
computing device 342 of AR device 102 may perform all of

the same functions as computing device 322 of the rendering
device 220.

[0084] In particular embodiments, computing device 322
may generate a set of rending parameters for rendering the
one or more surfaces 1n response to a determination of
network 104 quality. Rendering parameters may consist of
one or more rendering techniques, as previously discussed.
For example, and not by way of limitation, computing
device 322 may generate a plurality of sets of rendering
modes consisting of one or more rendering parameters.
Rendering modes may be generated based on, for example,
rendering parameters with a high user experience impact
(e.g., reducing the amount of surfaces displayed to the user),
rendering parameters with medium/high user experience
impact (e.g., prioritizing surfaces that need to be updated
first), rendering parameters with medium/low user experi-
ence impact (e.g., transmitting a single surface over multiple
wireless intervals), and rendering parameters with low user
experience impact (e.g., color characteristics, gradient color
schema, etc.). In particular embodiments, rendering modes
may be generated based on rendering parameters with
varying degrees of bandwidth reduction. In particular
embodiments, rendering modes may be generated based the
impact of the power supply to the AR device 102 and/or the
location of where each rendering parameter may execute
(e.g., GPU or wireless).

[0085] In particular embodiments, computing device 322
of the rendering device 220 may execute instructions to,
based on the properties of the plurality of surfaces and the
network 104 conditions, divide the plurality of surfaces into
subsets, and based on the properties of each subset, apply
one or more resilient rendering techniques and/or rendering
modes, and further prioritize one or more first subsets over
one or more second subsets for transmission to AR device

102.

[0086] In particular embodiments, computing device 322
of the rendering device 220 may execute instructions to,
based on the properties of the plurality of surfaces and the
network 104 conditions, adjust the 1image quality, or reso-
lution, of one or more individual surfaces. The rendering
device 220 may determine that the quality and resolution of
the one or more surfaces needs to be reduced based on a
determination of poor network 104 conditions. In particular
embodiments, computing device 322 may perform the
actions of resetting the streaming of image data from the
rendering device 220 to the AR device 102, reallocate
memory 324 of the rendering device 220, and reduce the
data rate of transmission from the rendering device 220 to

the AR device 102.

[0087] In particular embodiments, computing device 322
of the rendering device 220 may execute instructions to,
based on the properties of the plurality of surfaces and the
network 104 conditions, determine that 3D surfaces are
higher priority than 2D surfaces, and as a result, transmit the
3D surfaces 1n a first subset of surfaces to the AR device 102,
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with 2D surfaces being transmitted 1n a subsequent subset.
Further, computing device 322 may translate 3D surfaces
into 2D surfaces 1n response to the network 104 conditions.
In particular embodiments, one or more surfaces that need to
be updated first may be given higher priority. In particular
embodiments, surfaces intended to be world-locked may be

determined to be a higher priority for transmission than
head-locked surfaces.

[0088] In particular embodiments, computing device 322
of the rendering device 220 may execute instructions to,
based on the properties of the plurality of surfaces and the
network 104 conditions, perform rate control, wherein the
rendering transmits the surface data at a reduced bit rate,
thereby reducing the data rate. In particular embodiments,
computing device 322 of the rendering device 220 may
execute 1nstructions to, based on the properties of the
plurality of surfaces and the network 104 conditions, per-
form multiple interval surface transfer. In particular embodi-
ments, computing device 322 may transier a single surface,
or a plurality of single surfaces 1n multiple intervals. To do
this, computing device 322 may adapt the frames per second
to the available wireless bandwidth given current levels of
wireless channel utilization and transmit a single surface
over multiple wireless 1ntervals. In particular embodiments,
surfaces within the same subset may be distributed into
multiple system intervals to reduce the occurrence of con-
secutive frame drop, which impacts user experience.

[0089] In particular embodiments, computing device 322
of rendering device 220 may execute instructions to, based
on the properties of the plurality of surfaces and the network
104 conditions, perform content aware wireless scheduling
and fencing. In particular embodiments, computing device
322 may rotate the scheduling of one or more surfaces
within the same subset to avoid the frame rates of one
surface being consistently dropped. Further, in particular
embodiments, computing device 322 may perform deficit-
based dynamic thermal fencing, in which the active duty
cycle time may be adjusted so that either both left and right
eye surfaces may be concurrently transmitted or neither will
be transmitted. If computing device 322 determines that
dropping, for example, four frames will cause judder, com-
puting device 220 may determine and execute a temporary
solution, wherein one or two out of the four frames with
extended transmission times will be transmitted to the AR
device 102, while skipping the remaining two or three
frames.

[0090] In particular embodiments, computing device 322
of rendering device 220 may execute instructions to, based
on the properties of the plurality of surfaces and the network
104 conditions, reduce content. Reducing content may
include transmitting, from computing device 322, less sur-
faces, or, less objects within a surface for display at the AR
device 102. Similarly, 1n response to a determination of the
network 104 condition by computing device 322, the ren-
dering engine 204 of the computing device 322 may execute
istructions to reduce the field of view (FoV), wherein a
reduced number of pixels may be transmitted to the AR
device 102 for display. In particular embodiment, computing
device 322 of rendering device 220 may execute mstructions
to, based on the properties of the plurality of surfaces and the
network 104 conditions, reduce content frames per second
(FPS). For example, and not by way of limitation, a surface
with 45 FPS may be reduced to 30 FPS with a system
interval change (or 22.5 without a system interval change).
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In particular embodiments, the technique of reducing con-
tent FPS may improve the perceivability of world-locked
surfaces 1 an environment with judder.

[0091] In particular embodiments, computing device 322
of rendering device 220 may execute instructions to, based
on the properties of the plurality of surfaces and the network
104 conditions, perform dimensionality adjustment. For
example, 1n response to a determination of the network 104
condition by computing device 322, computing device 322
may compress 3D surfaces into 2D surfaces, which may
display the same surfaces, but with about 10” the compres-
sion size as compared to the original 3D surface.

[0092] In particular embodiments, computing device 322
of rendering device 220 may execute mnstructions to, based
on the properties of the plurality of surfaces and the network
104 conditions, divide a surface into multiple surfaces. The
computing device 322 of rendering device 220 may deter-
mine to divide a surface with multiple wireless packets into
multiple surfaces. Further, 1in particular embodiments, com-
puting device 322 of the rendering device 220 may execute
instructions to, based on the properties of the plurality of
surfaces and the network 104 conditions, transmit one or
more surfaces into encoding friendly material. The comput-
ing device 322 of rendering device 220 may transmit one or
more of the plurality of surfaces with, for example, more use
of solid color, a gradient color schema, and/or low-resolu-
tion texture for display at the AR device 102.

[0093] In particular embodiments, at least one rendering
parameter in the set of rendering parameters may be deter-
mined based on the characteristic (e.g., focal surface, 2D vs.
3D object dimensions, resolution, and so forth) associated
with each individual surface to be rendered and displayed.
For example, 1n particular embodiments, computing device
322 may generate the set of rendering parameters by gen-
crating one or more of an altered frame rate (e.g., as
expressed 1in frames per second (FPS)), an altered resolution,
and altered 2D vs. 3D object dimensions.

[0094] In particular embodiments, computing device 322
may then generate a prediction of a duration for rendering
the one or more surfaces based on a current rendering
workload of the AR device 102 and current network 104
conditions. For example, in one embodiment, computing
device 322 may generate a prediction of a duration for
rendering the one or more surfaces based on one or more
parameters or mstructions that may be associated with the
particular applications 212. In another embodiment, com-
puting device 322 may utilize one or more machine-learning,
algorithms to learn or determine heuristically over time the
duration 1 which one or more surfaces associated with
particular applications 212 may be rendered with as best as
possible quality of service (“Qo0S”) 1n view of the current
network 104 capacity. In another embodiment, the comput-
ing device 322 may generate the prediction of the duration
for rendering the one or more surfaces based on a user
context or an amount of user interaction that may be
associated with a particular application (e.g., single-player
gaming application, multi-player gaming application).

[0095] In particular embodiments, computing device 322
may select one of a plurality of predetermined rendering
parameters based on the prediction of the duration for
rendering the one or more surfaces. For example, as previ-
ously discussed, 1n particular embodiments, the plurality of
rendering parameters may include a high-performance ren-
dering mode, a medium performance rendering mode, and a
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low performance rendering mode. For example, 1n some
embodiments, computing device 322 may map the predicted
rendering workload to the determined network 104 condi-
tions to render the one or more surfaces with as best as
possible quality of service (QoS) and in view of the current
network 104 constraints. In particular embodiments, com-
puting device 322 may then cause the rendering engine 234
of the AR device 102 or rendering engine 204 of the
rendering device 220 to render the surface in accordance
with the selected one of the plurality of predetermined
rendering modes so as to satisly the one or more network
104 restraints. For example, one or more 2D surfaces
corresponding to, for example, an application with a shorter
predicted duration (e.g., runtime of only a few minutes) may
be rendered 1n accordance with the high-performance ren-
dering mode. In contrast, one or more 3D surfaces corre-
sponding to, for example, a gaming application (e.g., which
may also include considerable user interaction) with a longer
predicted duration (e.g., runtime of 30 minutes or more or a
runtime of 1 hour or more) may be rendered in accordance
with the low performance rendering mode. For example, in
good network 104 conditions, computing device 322 may
execute instructions to render all 3D surfaces 1n high reso-
lution, but in poor network 104 conditions, computing
device 322 may execute instructions to render less surfaces
and render those surfaces 1n 2D, with low resolution.

[0096] In particular embodiments, the computing device
342 of the AR device 102 may include less processing power
or support a subset of rendering features/capabilities as
compared to the second one or more GPUs of computing
device 322. In particular embodiments, computing device
322 may determine a rendering workload associated with
rendering the one or more surfaces to satisly one or more
network 104 constraints associated with the AR device 102
and a target QoS with respect to the network 104 commu-
nicatively coupling the rendering device 220 and the AR
device 102. In particular embodiments, computing device
322 may then dynamically switch between rendering the one
or more surfaces utilizing the computing device 342 of AR
device 102 and rendering the one or more surfaces utilizing
the computing device 322 of rendering device 220 based on
the one or more power, processing, or thermal constraints
and the target QoS.

[0097] Thus, in accordance with the foregoing embodi-
ments, the present techniques may provide various rendering
techniques that may be utilized by a device for dynamically
rendering surfaces in varying network 104 conditions. For
example, the present techniques may be provided to alter
parameters ol the rendering workload of the rendering
device 220 and to determine when, and the manner 1n which,
to alter parameters of the rendering workload of the device
in accordance with predetermined network 104 constraints.

[0098] In particular embodiments, rendering device 220
includes memory 324. Data 1n the data caches may be copies
of data in memory 324 or storage for instructions executing
at one or more processors ol computing device 322 to
operate on, the results of previous instructions executed at
computing device 322 for access by subsequent instructions
executing at the computing device 322 or for writing to
memory 324. The data caches may speed up read or write
operations by the computing device 322. The TLBs may
speed up virtual-address translation for computing device
322. In particular embodiments, computing device 322 may
include one or more internal registers for data, istructions
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or addresses. In this disclosure, the one or more processors
of computing device 322 may include any suitable number
of internal registers. Where appropriate, computing device
322 may include one or more arithmetic logic units (AL Us);
be a multi-core processor, or include one or more processors.
It 1s understood that this disclosure contemplates any suit-
able processor.

[0099] In particular embodiments, memory 324 includes
main memory for storing instructions for computing device
322 to execute or operate on. As an example, and not by way
of limitation, rendering device 220 may load instructions
from storage to memory 324. The computing system 322
may then load instructions from memory 324 to an internal
register or internal cache. To execute the istructions, com-
puting device 322 may retrieve the instructions from the
internal register or internal cache and decode them. During
or after execution of the instructions, computing device 322
may write one or more results (which may be intermediate
or final results) to the internal register or internal cache.
Computing device 322 may then write one or more of those
results to memory 324. In particular embodiments, comput-
ing device 322 executes only instructions in one or more
internal registers or internal caches or 1n memory 324 and

operates only on data in one or more internal registers or
internal caches or 1 memory 324.

[0100] One or more memory buses (which may each
include an address bus and a data bus) may couple comput-
ing device 322 to memory 324. In particular embodiments,
memory 324 includes random access memory (RAM). This
RAM may be volatile memory, where appropriate. Where
appropriate, this RAM may be dynamic RAM (DRAM) or
static RAM (SRAM). Moreover, where appropnate, this
RAM may be single-ported or multi-ported RAM. This
disclosure contemplates any suitable RAM. Memory 324
may include one or more memories, where appropriate.

[0101] Communication module 326 may enable commu-
nication between the cloud system 310, other user devices
318, AR device 102, wearable device 360, and the modules
of rendering device 220. As an example, and not by way of
limitation, commumication module 326 may include a net-
work interface controller (NIC) or network adaptor for
communicating with an Ethernet or other wire-based net-
work of a wireless NIC (WNIC) or wireless adapter for
communication with network 104. It 1s understood that
computing device 342 of AR device 102 may perform all of

the same functions as computing device 322 of the rendering
device 220.

[0102] Renderning device 220 may include one or more
cameras 328 which may capture images and videos of
environments. In particular embodiments, rendering device
220 may include one or more sensors 330 such as acceler-
ometers, gyroscopes, magnetometers, and touch sensors to
generate sensor data 240 that tracks the location of rendering
device 220 and AR device 102. AR device 102 may use
sensors 330 of rendering device 220, to determine velocity,
orientation, and gravitation forces with respect to the AR
device 102. In particular embodiments, rendering device 220
may include a user input/output (I/0) module 332 including,
hardware, software, or both, for providing one or more
interfaces for communication between cloud system 310,
rendering device 220, AR device 102, and wearable device
360. Further, I/O module 332 may enable communications
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between other user devices 318 and rendering device 220. In
particular embodiments, rendering device 220 may include
one or more batteries 334.

[0103] In particular embodiments, AR device 102 may
include computing device 342, display 344, audio 346, one
or more camera(s) 348, one or more sensor(s) 350, a
communication module 352, and one or more batteries 354.
In particular embodiments, computing device 342 may
perform functionalities of centralized content and resource
manager 232, rendering engine 234, and the 3D Re-projec-
tion warping functional block 236. AR device 102

[0104] In particular embodiments, computing device 342
may determine associated image characteristics with respect
to each object of the content of the one or more surfaces. For
example, 1n particular embodiments, computing device 342
may determine with respect to each object of the content of
the one or more surfaces, a foveal region (e.g., based on
camera data 328 and/or camera data 348), an object dimen-
sion (e.g., computing device 342 may determine and distin-
guish 3D objects and content from 2D objects and content),
a viewing distance (e.g., distance away from the viewer),
user interaction (e.g., a game may involve the user interact-
ing with only certain objects while avoiding other objects),
and so forth. In particular embodiments, computing device
342 may then determine whether to reduce a rendering
workload associated with rendering the one or more surfaces
to satisly one or more network 104 constraints.

[0105] In particular embodiments, computing device 342
may generate a set of rending parameters for rendering the
one or more surfaces in response to a determination of
network 104 quality. Rendering parameters may consist of
one or more rendering techniques, as previously discussed.
For example, and not by way of limitation, computing
device 342 may generate a plurality of sets of rendering
modes consisting of one or more rendering parameters.
Rendering modes may be generated based on, for example,
rendering parameters with a high user experience impact
(e.g., reducing the amount of surfaces displayed to the user),
rendering parameters with medium/high user experience
impact (e.g., prioritizing surfaces that need to be updated
first), rendering parameters with medium/low user experi-
ence impact (e.g., transmitting a single surface over multiple
wireless intervals), and rendering parameters with low user
experience impact (e.g., color characteristics, gradient color
schema, etc.). In particular embodiments, rendering modes
may be generated based on rendering parameters with
varying degrees of bandwidth reduction. In particular
embodiments, rendering modes may be generated based the
impact of the power supply to the AR device 102 and/or the
location of where each rendering parameter may execute
(e.g., GPU or wireless).

[0106] In particular embodiments, computing device 342
of AR device 102 may execute instructions to, based on the
properties of the plurality of surfaces and the network 104
conditions, divide the plurality of surfaces into subsets, and
based on the properties of each subset, apply one or more
resilient rendering techniques and/or rendering modes, and
turther prioritize one or more first subsets over one or more
second subsets for display at AR device 102.

[0107] In particular embodiments, computing device 342
of AR device 102 may execute instructions to, based on the
properties of the plurality of surfaces and the network 104
conditions, adjust the image quality, or resolution, of one or
more individual surfaces. AR device 102 may determine that




US 2024/0205294 Al

the quality and resolution of the one or more surfaces needs
to be reduced based on a determination of poor network 104
conditions. In particular embodiments, computing device
342 may perform the actions of resetting the streaming of
image data from the rendering device 220 to the AR device
102, reallocate memory 324 of the rendering device 220, and

reduce the data rate of transmission from the rendering
device 220 to the AR device 102.

[0108] In particular embodiments, computing device 342
of AR device 102 may execute instructions to, based on the
properties of the plurality of surfaces and the network 104
conditions, determine that 3D surfaces are higher priority
than 2D surfaces, and as a result, render the 3D surfaces in
a first subset of surfaces at the AR device 102, with 2D
surfaces being rendered 1n a subsequent subset. In particular
embodiments, one or more surfaces that need to be updated
first may be given higher priority. In particular embodi-
ments, surfaces mtended to be world-locked may be deter-
mined to be a higher priority for transmission than head-
locked surfaces.

[0109] In particular embodiments, computing device 342
of AR device 102 may execute instructions to, based on the
properties of the plurality of surfaces and the network 104
conditions, perform rate control, wherein the rendering
device 220 transmits the surface data at a reduced bit rate,
thereby reducing the data rate. In particular embodiments,
computing device 342 of AR device 102 may execute
istructions to, based on the properties of the plurality of
surfaces and the network 104 conditions, perform multiple
interval surface transfer. In particular embodiments, com-
puting device 342 may render a single surface, or a plurality
of single surfaces in multiple 1ntervals. To do this, comput-
ing device 342 may adapt the frames per second to the
available wireless bandwidth given current levels of wireless
channel utilization and transmit a single surface over mul-
tiple wireless intervals. In particular embodiments, surfaces
within the same subset may be distributed into multiple
system 1ntervals to reduce the occurrence of consecutive
frame drop, which impacts user experience.

[0110] In particular embodiments, computing device 342
of AR device 102 may execute nstructions to, based on the
properties of the plurality of surfaces and the network 104
conditions, perform content aware wireless scheduling and
fencing. In particular embodiments, computing device 342
may rotate the scheduling of one or more surfaces within the
same subset to avoid the frame rates of one surface being
consistently dropped. Further, in particular embodiments,
computing device 342 may perform deficit-based dynamic
thermal fencing, 1n which the active duty cycle time may be
adjusted so that either both left and right eye surfaces may
be concurrently transmitted or neither will be transmitted. It
computing device 342 determines that dropping, {for
example, four frames will cause judder, computing device
342 may determine and execute a temporary solution,
wherein one or two out of the four frames with extended
transmission times will be transmaitted to the AR device 102,
while skipping the remaining two or three frames.

[0111] In particular embodiments, computing device 342
of AR device 102 may execute instructions to, based on the
properties of the plurality of surfaces and the network 104
conditions, reduce content. Reducing content may include
transmitting, {from computing device 342, less surfaces, or,
less objects within a surface for display at AR device 102.
Similarly, 1n response to a determination of the network 104
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condition by computing device 342, the rendering engine
234 of the computing device 342 may execute instructions
to reduce the field of view (FoV), wherein a reduced number
of pixels may be transmitted to the AR device 102 for
display. In particular embodiment, computing device 342 of
AR device 102 may execute instructions to, based on the
properties of the plurality of surfaces and the network 104
conditions, reduce content frames per second (FPS). For
example, and not by way of limitation, a surface with 45 FPS
may be reduced to 30 FPS with a system interval change (or
22.5 without a system interval change). In particular
embodiments, the technique of reducing content FPS may
improve the perceivability of world-locked surfaces in an
environment with judder.

[0112] In particular embodiments, computing device 342
of AR device 102 may execute instructions to, based on the
properties of the plurality of surfaces and the network 104
conditions, perform dimensionality adjustment. For
example, 1n response to a determination of the network 104
condition by computing device 342, computing device 342
may compress 3D surfaces into 2D surfaces, which may
display the same surfaces, but with about 1/10” the com-
pression size as compared to the original 3D surface.

[0113] In particular embodiments, computing device 342
of AR device 102 may execute instructions to, based on the
properties of the plurality of surfaces and the network 104
conditions, divide a surface into multiple surfaces. The
computing device 342 of AR device 102 may determine to
divide a surface with multiple wireless packets into multiple
surfaces. Further, in particular embodiments, computing
device 342 of AR device 102 may execute instructions to,
based on the properties of the plurality of surfaces and the
network 104 conditions, transmit one or more surfaces into
encoding iriendly material. The computing device 342 of
AR device 102 may transmit one or more of the plurality of
surfaces with, for example, more use of solid color, a

gradient color schema, and/or low-resolution texture for
display at the AR device 102.

[0114] In particular embodiments, at least one rendering
parameter 1n the set of rendering parameters may be deter-
mined based on the characteristic (e.g., focal surface, 2D vs.
3D object dimensions, resolution, and so forth) associated
with each individual surface to be rendered and displayed.
For example, 1n particular embodiments, computing device
342 may generate the set of rendering parameters by gen-
crating one or more of an altered frame rate (e.g., as
expressed 1n frames per second (FPS)), an altered resolution,
and altered 2D vs. 3D object dimensions.

[0115] In particular embodiments, computing device 342
may then generate a prediction of a duration for rendering
the one or more surfaces based on a current rendering
workload of the AR device 102 and current network 104
conditions. For example, in one embodiment, computing
device 342 may generate a prediction of a duration for
rendering the one or more surfaces based on one or more
parameters or istructions that may be associated with the
particular applications 212. In another embodiment, com-
puting device 342 may utilize one or more machine-learning
algorithms to learn or determine heuristically over time the
duration 1 which one or more surfaces associated with
particular applications 212 may be rendered with as best as
possible quality of service (“QoS”) 1 view of the current
network 104 capacity. In another embodiment, the comput-
ing device 342 may generate the prediction of the duration
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for rendering the one or more surfaces based on a user
context or an amount of user interaction that may be
associated with a particular application (e.g., single-player
gaming application, multi-player gaming application).

[0116] In particular embodiments, computing device 342
may select one of a plurality of predetermined rendering
parameters based on the prediction of the duration for
rendering the one or more surfaces. For example, as previ-
ously discussed, 1n particular embodiments, the plurality of
rendering parameters may include a high-performance ren-
dering mode, a medium performance rendering mode, and a
low performance rendering mode. For example, 1n some
embodiments, computing device 342 may map the predicted
rendering workload to the determined network 104 condi-
tions to render the one or more surfaces with as best as
possible quality of service (QoS) and 1n view of the current
network 104 constraints. In particular embodiments, com-
puting device 342 may then cause the rendering engine 234
of the AR device 102 or rendering engine 204 of the
rendering device 220 to render the surface i accordance
with the selected one of the plurality of predetermined
rendering modes so as to satisly the one or more network
104 restraints. For example, one or more 2D surfaces
corresponding to, for example, an application with a shorter
predicted duration (e.g., runtime of only a few minutes) may
be rendered in accordance with the high-performance ren-
dering mode. In contrast, one or more 3D surfaces corre-
sponding to, for example, a gaming application (e.g., which
may also include considerable user interaction) with a longer
predicted duration (e.g., runtime of 30 minutes or more or a
runtime of 1 hour or more) may be rendered in accordance
with the low performance rendering mode. For example, in
good network 104 conditions, computing device 342 may
execute instructions to render all 3D surfaces 1n high reso-
lution, but 1 poor network 104 conditions, computing
device 342 may execute instructions to render less surfaces
and render those surfaces 1n 2D, with low resolution.

[0117] In particular embodiments, the computing device
342 of the AR device 102 may include less processing power
or support a subset of rendering features/capabilities as
compared to the second one or more GPUs of computing
device 322. In particular embodiments, computing device
322 may determine a rendering workload associated with
rendering the one or more surfaces to satisfy one or more
network 104 constraints associated with the AR device 102
and a target QoS with respect to the network 104 commu-
nicatively coupling the rendering device 220 and the AR
device 102. In particular embodiments, computing device
322 may then dynamically switch between rendering the one
or more surfaces utilizing the computing device 342 of AR
device 102 and rendering the one or more surfaces utilizing
the computing device 322 of rendering device 220 based on
the one or more power, processing, or thermal constraints
and the target QoS.

[0118] Thus, 1n accordance with the foregoing embodi-
ments, the present techniques may provide various rendering,
techniques that may be utilized by a device for dynamically
rendering surfaces in varying network 104 conditions. For
example, the present techniques may be provided to alter
parameters ol the rendering workload of the rendering
device 220 and to determine when, and the manner 1n which,
to alter parameters of the rendering workload of the device
in accordance with predetermined network 104 constraints.
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[0119] In particular embodiments, AR device 102 includes
a display 344, audio 346, one or more camera(s) 348, one or
more sensor(s) 350, a communication module 352, and one
or more batteries 3534. Communication module 356 may
enable communication between the cloud system 310, other
user devices 318, wearable device 360, and rendering device
220. As an example, and not by way of limitation, commu-
nication module 352 may include a network interface con-
troller (NIC) or network adaptor for communicating with an
Ethernet or other wire-based network of a wireless NIC
(WNIC) or wireless adapter for communication with net-

work 104.

[0120] AR device 102 may include one or more cameras
348 which may capture 1mages and videos of environments.
In particular embodiments, AR device 102 may include one
or more sensors 330 such as accelerometers, gyroscopes,
magnetometers, and touch sensors to generate sensor data
240 that tracks the location of rendering device 220 and AR
device 102. AR device 102 may use sensors 330 of rendering
device 220, to determine velocity, orientation, and gravita-
tion forces with respect to the AR device 102. In particular
embodiments, AR device 102 may include one or more
batteries 354. In particular embodiments, wearable device
360 may include computing device 362, communication

module 364, one or more sensor(s) 366, and one or more
batteries 368.

[0121] FIG. 4 1illustrates a detailed embodiment of an
augmented-reality (AR) system 300 with split body archi-
tecture, which may be utilized for rendering surfaces on AR
device 102. In particular embodiments, mobile graphics
processing unit (GPU) 410 of computing device 322 on
rendering device 220 may transmit 1mage data containing a
plurality of surfaces to a high efliciency video coding
(HEVC) encoder 420 of rendering device 220. The HEVC
encoder 420 may transmit data via link 6350 to a high
efliciency video coding (HEVC) decoder 430 of the AR
device 102. From HEVC decoder 430, surface data for
rendering may be split into two parts, one part of which may
travel through the graphics pipeline for display 460 at the
left eye, and one part of which may travel through the
graphlcs pipeline for display 470 at the night eye. Once
image data comprising the plurality of surfaces has travelled
through the respective pipeline, data intended to be trans-
mitted to the left eye may be transmitted to the 3D re-
projection warp functional block 246A for display 460 on
the AR device 102. Similarly, 1n particular embodiments,
data intended to be transmitted to the rnight eye may be
transmitted to the 3D re-projection warping functional block
2468 for display 470 on the AR device 102. In particular
embodiments, the 3D re-projection warping Ifunctional
blocks 246 A and 246B may be included 1n computing device
342 of AR device 102. In particular embodiments, rendering
device 202 may output rendered surfaces to the AR device
102, which uses the 3D re-projection warping functional
blocks 246A and 246B to compensate for network 104
latency and/or the viewpoint change in the rendered surfaces
provided over link 650. In particular embodiments, the
rendered and warped surfaces received by the AR device
102 may be passed to the IMU functional block 242 to
associate the rendering and warped surfaces with the latest
user head pose data and object pose data (e.g., real-time or
near real-time head pose data and/or object pose data), for
example. The warped surfaces from the rendering device
202 and the locally generated surfaces from the AR device




US 2024/0205294 Al

102 (¢.g., generated using the rendering engine 234 and 3D
re-projection warp functional block 236) may be passed to
the final re-projection warp functional block 246 A and 246B
for their respective displays 460 and 470 of AR device 102.
In particular embodiments, 3D re-projection warping func-
tional blocks 246 A and 246B may include a timewarp
module for adjusting and compositing the surfaces in accor-
dance with the user’s latest viewpoints (e.g., computed
based on the latest IMU data from 242). Block 246 A for the
user’s left-eye display 460 may use a viewpoint correspond-
ing to the user’s left eye, and Block 246B for the user’s
right-eve display 470 may use a viewpoint corresponding to
the user’s right eye. This timewarp adjustment 1s performed
to compensate for potential changes 1n the user’s viewpoints
since the time the surfaces were generated. In particular
embodiments, the 3D re-projection warping functional
blocks 246A and 2468 may each include distortion correc-
tion block, in which adjustments may be made to the final
image belfore being displayed at display 460 and/or 470. For
example, since the lenses, waveguide, and/or display panels
of AR device 102 may distort or introduce visible artifacts
to the output image, the distortion correction block of 3D
re-projection warping functional blocks 246A and 2468 may
compensate for the anticipated distortions/artifacts (e.g., by
applying inverse distortion) to the images before transmit-
ting them to displays 460 and/or 470.

[0122] This disclosure contemplates any suitable link 650
wireline (such as for example Digital Subscriber Line (DSL)
or Data Over Cable Service Interface Specification (DOC-
SIS)), wireless (such as for example Wi-F1 or Worldwide
Interoperability for Microwave Access (WiIMAX)), or opti-
cal (such as for example Synchronous Optical Network
(SONET) or Synchronous Digital Hierarchy (SDH)) links.
In particular embodiments, one or more links 650 each
include an ad hoc network, an intranet, an extranet, a VPN,
a LAN, a WLAN, a WAN, a WWAN, a MAN, a portion of
the Internet, a portion of the PSTN, a cellular technology-
based network, a satellite communications technology-

based network, another link 650, or a combination of two or
more such links 650.

[0123] FIG. 5 illustrates an example method 500 for
rendering surfaces according to network 104 conditions. The
method may begin at step 510, where rendering device 220
may receive a request to render surfaces corresponding to
virtual objects to be concurrently displayed on AR headset
or AR device 102. At step 520, 1n response to a determina-
tion that a network 104 quality of the wireless link 1s below
a threshold condition, selecting a first subset of surfaces that
are higher priority than a second subset of surfaces. At step
530, rendering device 106 may transmit the first subset of
surfaces to the AR device 102 for display. At step 540,
rendering device 220 may transmit the second subset of
surfaces to the AR device 102 for display after transmitting
the first subset, as defined 1n step 530. Particular embodi-
ments may repeat one or more steps of the method of FIG.
5, where appropriate. Although this disclosure describes and
illustrates particular steps of the method of FIG. 5 as
occurring in a particular order, this disclosure contemplates
any suitable steps of the method of FIG. 5 occurring in any
suitable order. Moreover, although this disclosure describes
and 1llustrates an example method for receiving a request to
render surfaces corresponding to virtual objects to be con-
currently displayed by AR device 102, where the AR device
102 15 connected to rendering device 220 via a wireless link,
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including the particular steps of the method of FIG. 5, this
disclosure contemplates any suitable method for rendering
surfaces according to network 104 conditions, including any
suitable steps, which may include all, some, or none of the
steps of the method of FIG. 5, where appropriate. Further-
more, although this disclosure describes and illustrates par-
ticular components, devices, or systems carrying out par-
ticular steps of the method of FIG. 5, this disclosure
contemplates any suitable combination of any suitable com-

ponents, devices, or systems carrying out any suitable steps
of the method of FIG. S.

[0124] FIG. 6 1llustrates an example network environment
600 associated with a social-networking system. Network
environment 600 includes a user 601, a client system 630, a
social-networking system 660, and a third-party system 670
connected to each other by a network 104. Although FIG. 6
illustrates a particular arrangement of user 601, client system
630, social-networking system 660, third-party system 670,
and network 104, this disclosure contemplates any suitable
arrangement of user 601, client system 630, social-network-
ing system 660, third-party system 670, and network 104. As
an example, and not by way of limitation, two or more of
client system 630, social-networking system 660, and third-
party system 670 may be connected to each other directly,
bypassing network 610. As another example, two or more of
client system 630, social-networking system 660, and third-
party system 670 may be physically or logically co-located
with each other in whole or 1n part. Moreover, although FIG.
6 illustrates a particular number of users 601, client systems
630, social-networking systems 6610, third-party systems
670, and networks 120, this disclosure contemplates any
suitable number of users 601, client systems 630, social-
networking systems 660, third-party systems 670, and net-
works 104. As an example and not by way of limitation,
network environment 600 may include multiple users 601,
client system 630, social-networking systems 660, third-
party systems 670, and networks 104.

[0125] In particular embodiments, user 601 may be an
individual (human user), an entity (e.g., an enterprise, busi-
ness, or third-party application), or a group (e.g., of indi-
viduals or enfities) that interacts or communicates with or
over social-networking system 660. In particular embodi-
ments, social-networking system 660 may be a network-
addressable computing system hosting an online social
network. Social-networking system 660 may generate, store,
receive, and send social-networking data, such as, for
example, user-profile data, concept-profile data, social-
graph information, or other suitable data related to the online
social network. Social-networking system 660 may be
accessed by the other components of network environment
600 either directly or via network 104. In particular embodi-
ments, social-networking system 660 may include an autho-
rization server (or other suitable component(s)) that allows
users 601 to opt 1n to or opt out of having their actions
logged by social-networking system 660 or shared with
other systems (e.g., third-party systems 670), for example,
by setting appropriate privacy settings. A privacy setting of
a user may determine what information associated with the
user may be logged, how information associated with the
user may be logged, when information associated with the
user may be logged, who may log information associated
with the user, whom information associated with the user
may be shared with, and for what purposes information
associated with the user may be logged or shared. Authori-
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zation servers may be used to enforce one or more privacy
settings of the users of social-networking system 660
through blocking, data hashing, anonymization, or other
suitable techniques as appropriate. In particular embodi-
ments, third-party system 670 may be a network-addressable
computing system that can host surtace data. Third-party
system 670 may generate, store, receive, and send surface
data. Third-party system 670 may be accessed by the other
components of network environment 600 either directly or
via network 104. In particular embodiments, one or more
users 601 may use one or more client systems 630 to access,
send data to, and receive data from social-networking sys-
tem 660 or third-party system 670. Client system 630 may
access soclal-networking system 660 or third-party system
670 directly, via network 104, or via a third-party system. As
an example and not by way of limitation, client system 630
may access third-party system 670 via social-networking,
system 660. Client system 630 may be any suitable render-
ing device, such as, for example, a personal computer, a
laptop computer, a cellular telephone, a smartphone, a tablet
computer, or an artificial reality device.

[0126] This disclosure contemplates any suitable network
104. As an example and not by way of limitation, one or
more portions of network 104 may include an ad hoc

network, an intranet, an extranet, a virtual private network
(VPN), a local area network (LAN), a wireless LAN

(WLAN), a wide area network (WAN), a wireless WAN
(WWAN), a metropolitan area network (MAN), a portion of
the Internet, a portion of the Public Switched Telephone
Network (PSTN), a cellular telephone network, or a com-
bination of two or more of these. Network 104 may include
one or more networks 104.

[0127] Links 650 may connect client system 630, social-
networking system 660, and third-party system 670 to
communication network 104 or to each other. This disclo-
sure contemplates any suitable links 650. In particular
embodiments, one or more links 650 include one or more
wireline (such as for example Digital Subscriber Line (DSL)
or Data Over Cable Service Interface Specification (DOC
SIS)), wireless (such as for example Wi-F1 or Worldwide
Interoperability for Microwave Access (WiIMAX)), or opti-
cal (such as for example Synchronous Optical Network
(SONET) or Synchronous Digital Hierarchy (SDH)) links.
In particular embodiments, one or more links & 350 each
include an ad hoc network, an intranet, an extranet, a VPN,
a LAN, a WLAN, a WAN, a WWAN, a MAN, a portion of
the Internet, a portion of the PSTN, a cellular technology-
based network, a satellite communications technology-
based network, another link 650, or a combination of two or
more such links 650. Links 650 need not necessarily be the
same throughout network environment 600. One or more
first links 650 may differ in one or more respects from one
or more second links 650.

[0128] FIG. 7 illustrates an example computer system 700.
In particular embodiments, one or more computer systems
700 perform one or more steps of one or more methods
described or 1illustrated herein. In particular embodiments,
one or more computer systems 700 provide functionality
described or 1illustrated herein. In particular embodiments,
soltware running on one or more computer systems 700
performs one or more steps of one or more methods
described or illustrated herein or provides functionality
described or illustrated herein. Particular embodiments
include one or more portions of one or more computer
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systems 700. Herein, reference to a computer system may
encompass a rendering device, and vice versa, where appro-
priate. Moreover, reference to a computer system may
encompass one or more computer systems, where appropri-
ate.

[0129] This disclosure contemplates any suitable number
of computer systems 700. This disclosure contemplates
computer system 700 taking any suitable physical form. As
example and not by way of limitation, computer system 700
may be an embedded computer system, a system-on-chip
(SOC), a single-board computer system (SBC) (such as, for
example, a computer-on-module (COM) or system-on-mod-
ule (SOM)), a desktop computer system, a laptop or note-
book computer system, an interactive kiosk, a mainiframe, a
mesh of computer systems, a mobile telephone, a personal
digital assistant (PDA), a server, a tablet computer system,
an augmented/virtual reality device, or a combination of two
or more of these. Where appropriate, computer system 700
may include one or more computer systems 700; be unitary
or distributed; span multiple locations; span multiple
machines; span multiple data centers; or reside in a cloud,
which may include one or more cloud components 1n one or
more networks. Where appropriate, one or more computer
systems 700 may perform without substantial spatial or
temporal limitation one or more steps of one or more
methods described or 1llustrated herein. As an example and
not by way of limitation, one or more computer systems 700
may perform in real time or 1n batch mode one or more steps
ol one or more methods described or illustrated herein. One
or more computer systems 700 may perform at different
times or at different locations one or more steps of one or
more methods described or illustrated herein, where appro-
priate.

[0130] In particular embodiments, computer system 700
includes a processor 702, memory 704, storage 706, an
iput/output (I/0) mterface 708, a communication interface
710, and a bus 712. Although this disclosure describes and
illustrates a particular computer system having a particular
number of particular components 1 a particular arrange-
ment, this disclosure contemplates any suitable computer
system having any suitable number of any suitable compo-
nents 1 any suitable arrangement.

[0131] In particular embodiments, processor 702 includes
hardware for executing instructions, such as those making
up a computer program. As an example and not by way of
limitation, to execute instructions, processor 702 may
retrieve (or fetch) the mstructions from an internal register,
an internal cache, memory 704, or storage 706; decode and
execute them; and then write one or more results to an
internal register, an iternal cache, memory 704, or storage
706. In particular embodiments, processor 702 may include
one or more internal caches for data, instructions, or
addresses. This disclosure contemplates processor 702
including any suitable number of any suitable internal
caches, where approprate. As an example and not by way of
limitation, processor 702 may include one or more instruc-
tion caches, one or more data caches, and one or more
translation lookaside buflers (TLBs). Instructions in the
instruction caches may be copies of instructions 1n memory
704 or storage 706, and the mstruction caches may speed up
retrieval of those instructions by processor 702. Data 1n the
data caches may be copies of data in memory 704 or storage
706 for instructions executing at processor 702 to operate
on; the results of previous instructions executed at processor
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702 for access by subsequent instructions executing at
processor 702 or for writing to memory 704 or storage 706;
or other suitable data. The data caches may speed up read or
write operations by processor 702. The TLBs may speed up
virtual-address translation for processor 702. In particular
embodiments, processor 702 may include one or more
internal registers for data, instructions, or addresses. This
disclosure contemplates processor 702 including any suit-
able number of any suitable internal registers, where appro-
priate. Where appropnate, processor 702 may include one or
more arithmetic logic units (ALUs); be a multi-core proces-
sor; or include one or more processors 702. Although this
disclosure describes and illustrates a particular processor,
this disclosure contemplates any suitable processor.

[0132] In particular embodiments, memory 704 includes
main memory for storing instructions for processor 702 to
execute or data for processor 702 to operate on. As an
example and not by way of limitation, computer system 700
may load instructions from storage 706 or another source
(such as, for example, another computer system 700) to
memory 704. Processor 702 may then load the instructions
from memory 704 to an internal register or internal cache. To
execute the instructions, processor 702 may retrieve the
instructions from the internal register or internal cache and
decode them. During or after execution of the instructions,
processor 702 may write one or more results (which may be
intermediate or final results) to the internal register or
internal cache. Processor 702 may then write one or more of
those results to memory 704. In particular embodiments,
processor 702 executes only instructions in one or more
internal registers or internal caches or 1n memory 704 (as
opposed to storage 706 or elsewhere) and operates only on
data 1n one or more 1nternal registers or internal caches or 1n
memory 704 (as opposed to storage 706 or elsewhere). One
or more memory buses (which may each include an address
bus and a data bus) may couple processor 702 to memory
704. Bus 712 may include one or more memory buses, as
described below. In particular embodiments, one or more
memory management units (MMUSs) reside between proces-
sor 702 and memory 704 and facilitate accesses to memory
704 requested by processor 702. In particular embodiments,
memory 704 includes random access memory (RAM). This
RAM may be volatile memory, where appropriate. Where
approprate, this RAM may be dynamic RAM (DRAM) or
static RAM (SRAM). Moreover, where appropnate, this
RAM may be single-ported or multi-ported RAM. This
disclosure contemplates any suitable RAM. Memory 704
may include one or more memories 704, where appropriate.
Although this disclosure describes and 1illustrates particular
memory, this disclosure contemplates any suitable memory.

[0133] In particular embodiments, storage 706 includes
mass storage for data or instructions. As an example and not
by way of limitation, storage 706 may include a hard disk
drive (HDD), a floppy disk drive, flash memory, an optical
disc, a magneto-optical disc, magnetic tape, or a Universal
Serial Bus (USB) drive or a combination of two or more of
these. Storage 706 may include removable or non-remov-
able (or fixed) media, where appropnate. Storage 706 may
be internal or external to computer system 700, where
approprate. In particular embodiments, storage 706 1s non-
volatile, solid-state memory. In particular embodiments,
storage 706 includes read-only memory (ROM). Where
appropriate, this ROM may be mask-programmed ROM,
programmable ROM (PROM), erasable PROM (EPROM),
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clectrically erasable PROM (EEPROM), electrically alter-
able ROM (EAROM), or flash memory or a combination of
two or more of these. This disclosure contemplates mass
storage 706 taking any suitable physical form. Storage 706
may include one or more storage control units facilitating,
communication between processor 702 and storage 706,
where appropriate. Where appropriate, storage 706 may
include one or more storages 706. Although this disclosure
describes and illustrates particular storage, this disclosure
contemplates any suitable storage.

[0134] In particular embodiments, I/O interface 708
includes hardware, software, or both, providing one or more
interfaces for communication between computer system 700
and one or more I/O devices. Computer system 700 may
include one or more of these 1/0 devices, where appropriate.
One or more of these I/O devices may enable communica-
tion between a person and computer system 700. As an
example and not by way of limitation, an I/O device may
include a keyboard, keypad, microphone, monitor, mouse,
printer, scanner, speaker, still camera, stylus, tablet, touch
screen, trackball, video camera, another suitable I/O device
or a combination of two or more of these. An I/O device may
include one or more sensors. This disclosure contemplates
any suitable I/O devices and any suitable I/O interfaces 708
for them. Where appropniate, I/O mterface 708 may include
one or more device or software drivers enabling processor
702 to drive one or more of these I/O devices. I/O interface
708 may 1include one or more I/O interfaces 708, where
appropriate. Although this disclosure describes and 1llus-
trates a particular I/O interface, this disclosure contemplates
any suitable I/O interface.

[0135] In particular embodiments, communication inter-
tace 710 includes hardware, software, or both providing one
or more 1nterfaces for communication (such as, for example,
packet-based communication) between computer system
700 and one or more other computer systems 700 or one or
more networks. As an example and not by way of limitation,
communication interface 710 may include a network inter-
tace controller (NIC) or network adapter for communicating
with an Ethernet or other wire-based network or a wireless
NIC (WNIC) or wireless adapter for communicating with a
wireless network, such as a WI-FI network. This disclosure
contemplates any suitable network and any suitable com-
munication iterface 710 for 1t. As an example and not by
way ol limitation, computer system 700 may communicate
with an ad hoc network, a personal area network (PAN), a
local area network (LLAN), a wide area network (WAN), a
metropolitan area network (MAN), or one or more portions
of the Internet or a combination of two or more of these. One
or more portions of one or more of these networks may be
wired or wireless. As an example, computer system 700 may
communicate with a wireless PAN (WPAN) (such as, for
example, a BLUETOOTH WPAN), a WI-FI network, a
WI-MAX network, a cellular telephone network (such as,
for example, a Global System for Mobile Communications
(GSM) network), or other suitable wireless network or a
combination of two or more of these. Computer system 700
may include any suitable communication intertace 710 for
any ol these networks, where appropriate. Communication
interface 710 may include one or more communication
interfaces 710, where appropriate. Although this disclosure
describes and illustrates a particular communication inter-
face, this disclosure contemplates any suitable communica-
tion interface.
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[0136] In particular embodiments, bus 712 includes hard-
ware, software, or both coupling components of computer
system 700 to each other. As an example and not by way of
limitation, bus 712 may include an Accelerated Graphics
Port (AGP) or other graphics bus, an Enhanced Industry
Standard Architecture (EISA) bus, a front-side bus (FSB), a
HYPERTRANSPORT (HT) interconnect, an Industry Stan-
dard Architecture (ISA) bus, an INFINIBAND interconnect,
a low-pin-count (LPC) bus, a memory bus, a Micro Channel
Architecture (MCA) bus, a Peripheral Component Intercon-
nect (PCI) bus, a PCI-Express (PCle) bus, a serial advanced
technology attachment (SATA) bus, a Video Electronics
Standards Association local (VLB) bus, or another suitable
bus or a combination of two or more of these. Bus 712 may
include one or more buses 712, where appropriate. Although
this disclosure describes and 1llustrates a particular bus, this
disclosure contemplates any suitable bus or interconnect.
[0137] Herein, a computer-readable non-transitory storage
medium or media may include one or more semiconductor-
based or other imtegrated circuits (ICs) (such, as for
example, field-programmable gate arrays (FPGAs) or appli-
cation-specific ICs (ASICs)), hard disk drives (HDDs),
hybrid hard drives (HHDs), optical discs, optical disc drives
(ODDs), magneto-optical discs, magneto-optical drives,
floppy diskettes, floppy disk drives (FDDs), magnetic tapes,
solid-state drives (SSDs), RAM-drives, SECURE DIGITAL
cards or drives, any other suitable computer-readable non-
transitory storage media, or any suitable combination of two
or more ol these, where appropriate. A computer-readable
non-transitory storage medium may be volatile, non-vola-
tile, or a combination of volatile and non-volatile, where
appropriate.

[0138] Herein, “or” 1s inclusive and not exclusive, unless
expressly indicated otherwise or indicated otherwise by
context. Theretfore, herein, “A or B” means “A, B, or both.”
unless expressly indicated otherwise or indicated otherwise
by context. Moreover, “and” 1s both joint and several, unless
expressly indicated otherwise or indicated otherwise by
context. Therefore, herein, “A and B” means “A and B,
jointly or severally,” unless expressly indicated otherwise or
indicated otherwise by context.

[0139] The scope of this disclosure encompasses all
changes, substitutions, variations, alterations, and modifica-
tions to the example embodiments described or illustrated
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herein that a person having ordinary skill in the art would
comprehend. The scope of this disclosure 1s not limited to
the example embodiments described or illustrated herein.
Moreover, although this disclosure describes and illustrates
respective embodiments herein as including particular com-
ponents, elements, feature, functions, operations, or steps,
any of these embodiments may include any combination or
permutation of any of the components, elements, features,
functions, operations, or steps described or illustrated any-
where herein that a person having ordinary skill 1n the art
would comprehend. Furthermore, reference 1n the appended
claims to an apparatus or system or a component of an
apparatus or system being adapted to, arranged to, capable
of, configured to, enabled to, operable to, or operative to
perform a particular function encompasses that apparatus,
system, component, whether or not 1t or that particular
function 1s activated, turned on, or unlocked, as long as that
apparatus, system, or component 1s so adapted, arranged,
capable, configured, enabled, operable, or operative. Addi-
tionally, although this disclosure describes or illustrates
particular embodiments as providing particular advantages,
particular embodiments may provide none, some, or all of
these advantages.

What 1s claimed 1s:
1. A method comprising, by a rendering device:

recetving a request to render a plurality of surfaces
corresponding to a plurality of virtual objects to be
concurrently displayed on an augmented-reality (AR)
headset, the AR headset being connected to the render-
ing device via a wireless link;

in response to a determination that a network quality of
the wireless link 1s below a threshold condition, select-
ing a first subset of the plurality of surfaces that are
higher priority than a second subset of the plurality of
surfaces:

transmitting the first subset of the plurality of surfaces to
the AR headset for display; and

transmitting the second subset of the plurality of surfaces
to the AR headset for display after transmitting the first
subset.
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